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Abstract 

Capacitive micromachined ultrasonic transducers (CMUTs) have been developed as 

an alternative to piezoelectric transducers for ultrasonic imaging in non-destructive testing 

applications. These CMUTs offer substantial advantages over their piezoelectric counterparts, 

which include a highly miniaturized system, easy integration with electronic control circuitry, 

a wider bandwidth, and a higher sensitivity. In this thesis, the design, fabrication and 

characterization of several single and array CMUT devices are reported. Many sizes of 

CMUTs, aiming to operate at different resonant frequencies, were fabricated using a 

PolyMUMPs sacrificial technique.  

An analytical and finite element model was used to further understanding of the 

physical behaviour of the transducer. The basic functionality of the CMUT devices was 

investigated through capacitance and electrical impedance measurements. These devices 

showed greater change in the capacitance and impedance data while operating close to their 

collapse voltages. This higher change in both capacitance and impedance is a result of a larger 

membrane displacement. The acoustic output power is directly related to the magnitude of 

the membrane’s displacement. The transducers performance thus can be enhanced by 

operating close to their collapse voltage and obtained higher sensitivity. The optical 

characterization, performed on the single devices and on the 1-D arrays, provided a better 

understanding of the membrane vibration modes and displacement profiles at different 

resonant frequency modes. Acoustic measurements were performed to demonstrate the 

transmission capability of the CMUTs. The generated acoustic signals were detected using a 

commercial detector. These acoustic experiments demonstrated that these CMUTs can 

potentially be used as ultrasonic transducers alternative to piezoelectric transducers.  
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 Introduction 

 Research Motivation 

Ultrasound is typically defined as a sound wave that has a frequency in the range 

from 20 kHz up to several gigahertz. Ultrasound technologies have historically been 

used for diagnosis and medical purposes. Several technologies are available for this 

purpose and some of these include magnetic resonance imaging (MRI), X-rays, and 

computerized tomography (CT) [1]. Among them, X-ray and CT imaging use ionizing 

radiation that can damage body tissue and hence requires limited exposure. In contrast, 

ultrasound is harmless and non-destructive compared to X-ray and CT imaging.   

Ultrasound plays an important role in non-destructive evaluation (NDE), 

medical imaging, and acoustic microscopy. Ultrasound imaging is usually performed 

by sending a pulse and detecting the echo, which reflects back from the surface of an 

object. Depending on the flight time, as well as the strength and frequency component 

of the signal echo, the location, depth and physical nature of the object can be 

determined [2]. The ultrasound has a unique property to provide the information about 

an object, as sound can penetrate almost any material without causing harm. This 

property makes it a strong candidate for non-destructive imaging applications.     

Polymeric insulated cables are widely used underground cables for high voltage 

applications around the world. The most commonly used insulating polymer material 

is cross-linked polyethylene (XPLE). Though XPLE cables are generally resistant to 

many chemicals and water, salts in the water eventually penetrate into the insulation. 

This phenomenon damages the underground cable and creates defects, which are 
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commonly known as the “water trees”. With the formation of water trees, the cable 

structure is degraded permanently and reduces its breakdown strength. As such the 

service lifetime of underground XPLE cables is reduced [3]. Power interruption, due to 

failure of the XPLE insulation, is a major problem in the power industry. As a result of 

this cable damage, it is required to inspect the high voltage underground power cable 

in an effective, timely non-destructive manner. 

Detection of water trees have been reported in the past [4]. The most common 

technique to detect water trees requires the dissection of the insulation to determine the 

electrical integrity [5]. The dissection method involves many steps and requires time to 

determine the level of damage. Detection of water tree location in XPLE insulation 

using ultrasound technology was demonstrated by Auckland et al. [6]. However, 

imaging of the water tree was challenging to perform due to the limitations of the 

computational capability of the data acquisition systems at that time [6], [7]. Recently, 

an improved image resolution has been achieved using a 2-D ultrasound synthetic 

aperture (SA) imaging technique that significantly reduced the data acquisition time 

[5].  

The motivation for this project is to develop a non-destructive technique to 

detect and image water trees in the insulation of underground XPLE power cables. As 

the first step in the process, the design and fabrication of a new ultrasonic transducer 

was undertaken. Following the design and fabrication, the primary goal of this work is 

to characterize the ultrasonic transducers and have them operate as transducers.    
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 Thesis Outline  

This thesis is broken into seven chapters including this chapter. In Chapter 1, 

the motivation behind this project and the objective of this thesis work was briefly 

discussed. 

The basic structure and working principle of a capacitive micromachined 

ultrasonic transducer (CMUT) is described in Chapter 2. The relevant background of 

ultrasonic transducers, and recent developments in the microelectromechanical systems 

(MEMS) ultrasonic transducers in particular are also presented.   

In Chapter 3, analytical and finite element modeling of CMUT devices is 

presented. The modeling was performed to find some of the primary design parameters. 

The static, time dependant and acoustic behaviour of the CMUT devices was 

investigated using COMSOL electromechanical simulations. The effect of different 

design parameters, to maximize the transducer performance, was investigated and is 

discussed in this chapter.    

The design parameters from the available fabrication facility are discussed in 

Chapter 4. Using those design parameters, some single devices and linear arrays were 

designed and fabricated. The fabrication process steps are also documented in this 

chapter.   

The experimental results using the CMUT devices, obtained from the electrical 

and optical characterization, are presented in Chapter 5. As CMUTs are capacitive 

devices, the basic functionality of those devices was tested by measuring the change in 

the capacitance and the electrical impedance under various applied voltages. The 
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voltage limit for stable transducer operation was investigated for some of the devices. 

The effect of greater electrostatic force, produced by a greater DC bias voltage, on the 

membrane stiffness was also investigated and is described there. The vibration profile 

and the frequency spectrum of the single devices and arrays were measured using an 

optical measurement setup. The measurement setup and the results are also presented 

in Chapter 5. 

In chapter 6, the acoustic characterization results of the fabricated CMUT 

devices are discussed. This discussion includes a demonstration of the transmitting 

capability of the CMUT device. The device was actuated using a burst/pulse signal with 

a DC bias applied on it. The generated ultrasonic signal, which was received by a 

commercial detector, is presented in this chapter.  

Finally, a summary of this work and some suggestions for future work related 

to improving the current transducer designs are discussed in Chapter 7. 
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: Introduction to Capacitive Micromachined 

Ultrasonic Transducer (CMUT) 

Ultrasonic transducers convert electrical energy into ultrasound and vice versa. 

They can be classified according to the mechanisms by which they convert the 

sound/electrical energy. Piezoelectric and electrostatic (i.e. capacitive) transducers are 

two of the most common type of ultrasonic transducers. Piezoelectric transducers are 

the most widely used ultrasonic transducers to generate and detect ultrasound. The 

piezoelectric transducers generate sound waves by compressing and expanding the 

piezoelectric crystals in response to an electric signal, as shown in Figure 2.1 (a).  

On the other hand, capacitive transducers are comprised of a flexible membrane 

separated from a rigid plate by air (see Figure 2.1 (b)). They generate ultrasonic waves 

by varying the applied electric field across the gap which subsequently induces a 

mechanical force causing the membrane to move. Both piezoelectric and capacitive 

transducers have successfully been used for generating and sensing ultrasonic waves 

[8], [9]. However, the usefulness of piezoelectric transducers has been compromised by 

the complex fabrication required and a large acoustic mismatch between the 

piezoelectric crystals and the surrounding medium (i.e. air). The fabrication process of 

piezoceramic material lead zirconate titanate (PZT) requires a number of steps and 

manual labour which starts with a PZT material bonded with a backing material, 

electrodes, and matching layers and then manually diced in to elements. Reducing the 

element size or further increasing the number of elements has impact on the fabrication 
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process. In comparison, capacitive transducers have shown better impedance matching 

with the medium than the piezoelectric transducers [10]. 

 

 

Figure 2.1. Operation of a (a) piezoelectric transducer (b) capacitive transducer. 

The capacitive transducer was first demonstrated in air in 1954 [9] and in 

immersion in 1979 [11]. Generally, capacitive transducers require a high electric field 

strength to enable significant membrane vibration and to generate ultrasonic waves. As 

a result, mechanical breakdown of the transducer may occur due to the high electric 
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field. This mechanical breakdown can be avoided by optimal device design, which 

requires the careful selection of membrane material, membrane thickness, and the gap 

height [12].  

Recent developments in microelectromechanical systems technology (MEMS) 

have facilitated the fabrication of small transducer structures with dimensions on the 

order of nanometers to micrometers. This MEMS fabrication technology has permitted 

the introduction of a different type of capacitive ultrasonic transducer: the capacitive 

micromachined ultrasonic transducer (CMUT). The capacitive micromachined 

ultrasonic transducer (CMUTs) were first introduced in 1993 by M. Haller and B.T. 

Khuri-Yakub [13]. The imaging results from the CMUTs showed wider bandwidth and 

better sensitivity relative to standard piezoelectric devices [14]. Researchers have also 

produced a variety of real time imaging techniques using CMUTs for non-destructive 

testing and for medical imaging [15], [16] . 

 Principle Operation of a CMUT: 

The cross sectional schematic view of a capacitive micromachined ultrasonic 

transducer (CMUT) is shown in Figure 2.2. A basic CMUT consists of a thin membrane 

which is suspended over a substrate and separated by a cavity. Typically, the membrane 

is metalized and acts as the top electrode of the “capacitor”. A highly doped silicon 

substrate or another conductive plate can act as the bottom electrode. The outer edge of 

the membrane is rigid and typically fixed to the substrate by a post which may be 

conductive or insulating, depending upon the details of the design. An insulating layer 

may be deposited on the bottom electrode to avoid shorting the membrane and the 

substrate at high voltages (see Figure 2.2). 
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Figure 2.2. Schematic view of a capacitive micromachined ultrasonic transducer 

(CMUT).  

The principle operation of a CMUT is based on the production of an electrostatic 

force between top and bottom electrodes through an applied bias. When a DC bias is 

applied between the top metalized membrane and the bottom silicon substrate, the 

induced electrostatic force pulls the top membrane toward the bottom electrode. The 

electrostatic force is balanced by the membrane restoring spring force, which arises 

from the membrane stiffness. Superimposing ac voltage signal on the DC bias actuates 

the membrane causing it to vibrate and generates acoustic waves into the surrounding 

medium. This is referred to as the transmitting mode of the transducer and is shown in 

Figure 2.3 (a). 

 

 

 

Metal (Top Electrode) 

Cavity 

Silicon substrate (Bottom Electrode) 

Membrane  

Insulation 

Membrane post 
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Figure 2.3. CMUT as (a) a transmitter (b) a receiver. 

In receiving mode, the CMUT is biased with a DC voltage to attract the 

membrane closer to the bottom electrode which causes an initial bending of the 

membrane. When this CMUT is subjected to an acoustic wave, the membrane 

experiences mechanical vibration, causing a change in the device capacitance, and 

generating an alternating current. The amplitude of the current can be measured using 

a high impedance amplifier as shown in Figure 2.3 (b).  

Silicon Substrate 

DC +AC Bias 
Top electrode (Membrane) 

Generated ultrasound 

 

(a) 

DC Bias 
Amplifier   Oscilloscope  

Top electrode (Membrane) 

Silicon Substrate 

Incoming Ultrasound 

(b) 
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A CMUT is typically fabricated in large 1-D or 2-D arrays with hundreds of 

CMUT cells using a MEMS fabrication technique, where the cells are connected 

together. A large array of cells, when actuated at the same time, can produce a larger 

output signal, and a more sensitive output response than a single device.   

 Advantages and Challenges of CMUTs: 

Piezoelectric transducers have historically been the commercial standard for 

detecting and imaging of objects for many different applications. Piezoelectric 

transducers, typically made of quartz or lead zirconate, however have some drawbacks 

[12]. The drawbacks include a complex fabrication process, a narrow bandwidth, and a 

poor impedance matching in air or in immersion medium. The typical acoustic 

impedance of a piezoelectric material (~ 30 × 106 Kg/m2.s) is several orders larger in 

magnitude than air (~ 400 kg/m2⋅s) and about a factor of 20 or so for water (~ 1.48×106 

kg/m2⋅s ) [17]. This large impedance mismatch makes the piezoelectric transducers 

challenging to be used in air, and requires an extra matching layer to couple the ultrasound 

into air medium. Moreover, piezoelectric materials generally produce a large acoustic 

power at or near their resonant frequency and hence provide narrow bandwidth [18]. 

Also integration with silicon based control circuits is not easy, as piezoelectric 

transducers and silicon based circuits are fabricated using different fabrication 

techniques.  

Capacitive micromachined ultrasonic transducers have overcome some of the 

piezoelectric transducer’s drawbacks and offer some other advantages, such as batch 

fabrication of large density arrays to any shape and size, a broader bandwidth and a 

better impedance matching [10], [12], [18]. The most commonly used membrane 
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materials for MEMS ultrasonic transducer include silicon nitride, polysilicon and 

silicon [19], [20], [21]. The density and acoustic velocity of those materials permit a 

significant impedance matching with the surrounding medium. Furthermore, 

micromachining fabrication (MEMS) technology makes it possible to fabricate 

microstructures in high quality, uniform arrays. This technology also gives flexibility 

to fabricate the transducers in a variety of shapes and sizes, which allows designers to 

fabricate devices that can operate over a wider frequency range.  

Capacitive transducers have not historically shown high performance and the 

penetration of the generated ultrasound into a material was not satisfactory as compared 

to piezoelectric transducers [15]. Dielectric charging is another drawback of CMUTs 

while using dielectric materials (e.g. silicon nitride) either as the membrane or as the 

substrate insulating layer. Charge that may be induced during the fabrication process or 

that may arise due to the strong applied electric field may become “trapped”.  This 

trapped charge will induce an electric field which could prevent the membrane from 

returning back to its resting position and eventually degrade the reliability and 

performance [22]. 

 Recent Developments in MEMS transducers: 

Many developments in the CMUT have been reported since its invention [15], 

[23], [24]. Recently, Hitachi Medical Corporation have produced a commercial CMUT 

probe for medical ultrasound [25]. Several micromachining fabrication technologies 

(i.e., surface micromachining, bulk micromachining) have been used to fabricate 

MEMS ultrasonic transducers. In the surface micromachining technique, structures are 

fabricated in thin films deposited on the substrate and the desired structure is created 
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by releasing the sacrificial layer. Bulk micromachining, which is different from the 

surface micromachining, allows etching through the back side of the wafer to form the 

desired structure. Capacitive ultrasonic transducers have been successfully fabricated 

using surface micromachining techniques [26], [27], [28], [29], [30]. Bulk 

micromachining process (e.g. Silicon on Insulator (SOI) wafer bonding) was first 

reported by Huang et al. [31]. Using a surface micromachining techniques, a membrane 

is deposited over a sacrificial layer which is later removed through etch holes in the 

membrane. After removing the sacrificial layer, the membrane etch holes need to be 

sealed to create vacuum gap and these steps are considered as limitations in the surface 

micromachining process. A large membrane also can not be created because of the 

stress issues of thin films. In contrast, the wafer bonding process solves this limitation 

by forming a vacuum cavity gap by bonding two wafers and allows fabrication of 

CMUTs with large membranes. The bulk micromachining process is therefore more 

preferable fabrication technique than surface micromachining [32].   

Finite element modeling was developed to further understand the CMUT 

operating characteristics [33]. Researchers have also fabricated and characterized 1-D 

and 2-D arrays [34], [35]. Ultrasound imaging using CMUTs has been demonstrated 

and reported by several research groups [23], [36], [37]. A 3-D photo acoustic image 

was also reported using 2-D CMUT arrays [38].  
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  Modeling of CMUTs 

 Analytical modeling of CMUTs 

The dynamics of a capacitive micromachined ultrasonic transducer (CMUT) is 

similar to a parallel plate capacitor. To understand the fundamentals of a CMUT device, 

an analytical model was used based on a plate vibration theory. Some of the basic 

characteristic parameters were found from this analytical model which was used as the 

primary design strategy. Analytical modeling of capacitive micromachined ultrasonic 

transducers (CMUTs), based on a plate vibration theory, has been reported by several 

researchers [39]. The analytical model used for the design and optimization of the 

CMUTs is described in this chapter.  

 Mass-Spring-Capacitor System 

A schematic diagram of a capacitive micromachined ultrasonic transducer 

(CMUT), shown in Figure 2.2, can be viewed as a parallel plate capacitor where the top 

plate is moveable, and separated from the fixed bottom plate by an air gap. If the gap 

between two plates is small compared to the lateral dimension of the plates, the plates 

can be considered as the parallel plates [39]. When the top plate moves, the stiffness of 

the plate introduces a restoring spring force which opposes the electrostatic force. 

Therefore, a CMUT can be represented as an electro-mechanical system with one 

degree of freedom [39]. This electro-mechanical system consists of a spring 𝑘, a mass 

𝑚 and a parallel plate capacitor 𝐶, shown in Figure 3.1. To simplify the electro-

mechanical analysis, the following approximations were made: 
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1. The deflection of the top plate is very small compared to the air gap and the 

restoring spring force is a function of the displacement.  

2. The displacement of the plate is considered to be uniform all over the surface. 

3. Electrical fringing field is neglected as the plate is clamped at the edge. 

4. The plate is vibrating in vacuum and therefore no loading effect is considered.  

5. Residual stress of the plate is neglected. 

The total force acting on the plate under an applied bias can be written as: 

where Mass
F represents the force due to the mass, Spring

F is the restoring spring force 

exerted by the elasticity of the plate and ticElectrosta
F  is the electrostatic force between 

two parallel plates induced by the applied voltage.  

 

Figure 3.1. A mass-spring electromechanical model with a parallel plate capacitor. 

The electrostatic force, generated by an applied DC bias, between two parallel 

plates, can be written as [39]     

ticElectrostaSpringMass
FFF  , 3.1 

+ 
x

0
d C

V

Moveable plate 

Fixed plate 

k

Mass, m 
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where  is the dielectric permittivity of the material between two plates, A is the plate 

area, V is the applied bias, 0
d is the initial gap height, and x is the initial plate 

displacement under a static bias. The dielectric permittivity,   can be written as 

0


r
 , where 

r
 is the relative permittivity of the dielectric material, for air 

r
 ~1 

and 
0

 is the dielectric permittivity of space, and therefore 
0

  . 

When a voltage is applied, the electrostatic force pulls the top plate toward the 

bottom plate, and causes the reduction of gap height. The capacitance between two 

plates may be expressed as: 

The mechanical spring also produces a restoring force that is proportional to the 

displacement of the plate and can be written using Hooke’s law,   

where k is the stiffness of the plate. 

For an applied voltage, )sin()( tVVtV
ACDC

 , substituting all the force 

expressions into Equation 3.1, a time dependant behaviour of the system can be found 

to be 
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where DC
V  is the DC voltage, AC

V  is ac voltage,   is the operating frequency and m

is the mass of the plate. 

Therefore, a CMUT can be modeled as a mass-spring-capacitor 

electromechanical system, where the CMUT membrane is the moveable plate and the 

substrate is the fixed bottom plate. Using this model, the theoretical operation of 

CMUTs is derived in the following sections including some design parameters, such 

as: collapse voltage, resonant frequency, and radiated pressure.      

 Collapse Voltage  

For static operation, only DC bias is considered to be applied to the CMUT 

membrane. At equilibrium, the electrostatic force is balanced by the spring force and 

hence the condition for force balance becomes [39] 

 

Both ticElectrosta
F and 

Spring
F  are the functions of displacement (see Equations 

3.2 and 3.4). The intersection of these two functions, shown in Figure 3.2, gives two 

points: a and b [40]. At point a and b, the electrostatic force is equal to the spring force, 

hence net force on the membrane is zero. Though the membrane is at equilibrium at 

point a and b, point b is not a stable state. Just after crossing point b, the electrostatic 

force overcomes the membrane spring force and a small disturbance will cause the 

membrane to deflect forward continuously until collapsing on the bottom electrode. 

SpringticElectrosta
FF   3.6 

kx

xd

AV
DC
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2
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Hence, to maintain a stable operation, the rate of increasing electrostatic force (slope of

ticElectrosta
F ) should be less than the rate of increasing spring force (slope of

Spring
F ) so 

that the membrane is pushed back to its equilibrium position.   

 

Figure 3.2. The dependency of electrostatic force and opposing spring force as a 

function of displacement, for a given dimension of device with a given membrane 

thickness and gap height. 

The condition for the stable state can be mathematically written as [40] 

Combining Equation 3.8 with 3.6 yields: 

 

 

𝑑(𝐹𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 + 𝐹𝑆𝑝𝑟𝑖𝑛𝑔)

𝑑𝑥
< 0 3.8 

𝜖𝐴𝑉𝐷𝐶
2

(𝑑0 − 𝑥)3
− 𝑘 < 0   3.9 

𝜖𝐴𝑉𝐷𝐶
2

(𝑑0 − 𝑥)3
< 𝑘 3.10 
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This means that the operation is stable as long as the displacement is less than 

one third of the original gap height. However the electrostatic force increases 

quadratically with the applied voltage. When the displacement of the membrane 

becomes higher than one third of the original gap height (
𝑑0

3
), the electrostatic force 

overcomes the spring force. The membrane displacement greater than 
𝑑0

3
 causes a 

mechanical breakdown of the device by collapsing the membrane onto the substrate. 

The voltage at which this phenomenon occurs, is referred to as the “collapse voltage”.  

The collapse voltage can be found by considering the previously mentioned 

stable point (Equation 3.13) and rearranging Equation 3.7 yields [40]  

where 
2

RA  is the membrane area, R  is the membrane radius and k is the spring 

constant. 

Simplifying with Equation 3.7 

𝜖𝐴𝑉𝐷𝐶
2

(𝑑0 − 𝑥)3
<

𝜖𝐴𝑉𝐷𝐶
2

2𝑥(𝑑0 − 𝑥)2
 3.11 

1

(𝑑0 − 𝑥)
<

1

2𝑥
 3.12 

𝑥 <
𝑑0

3
 

 

3.13 
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dk
V

collapse
27

8
3

0
 , 3.14 
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Figure 3.3. Analytical collapse voltage as a function of membrane radius and gap 

height at a given membrane thickness. 

The graphical presentation of Equation 3.14 is shown in Figure 3.3. It can be 

seen from the figure that lower gap heights and larger radii offer lower collapse 

voltages, and subsequently a lower power consumption. Therefore, in order to minimize 

driving voltage and increase sensitivity,  a CMUT’s voltage operating range can be 

modified by optimizing the gap height and the membrane dimension for a given 

membrane thickness.    

From the schematic diagram of a basic CMUT, shown in Figure 2.2, it can be 

seen that an insulating layer was deposited on the bottom electrode to avoid shorting 

the membrane to the substrate at high voltages. Therefore, the insulating layer, which 

is in series with the air gap, needs to be included in the expression of air gap height. By 
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calculating the series capacitance between the air and the insulating layer, the 

expression for the gap height can be written as:  

where 
0

C and i
C  are the capacitance of the dielectric material (i.e. air) and the 

insulating layer respectively, o
d is the initial gap height, i

d is the insulator thickness, 

0
 and i

  are the relative dielectric permittivity of air (
0

 =1) and insulating material 

respectively, and d is the gap height.   

As the membrane deflects under an applied bias, the gap height decreases as the 

membrane is displaced ( x ) toward the bottom electrode. The effective gap height may 

be written as [10] 

As collapse voltage is a function of gap height, the expression for the collapse 

voltage (Equation 3.14) can be modified using the effective gap height (Equation 3.19) 

[10] to yield   
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The effective gap height, effd  increases with an additional insulating layer in 

series. This additional layer makes the collapse voltage even higher than that of without 

an additional insulating layer. As the collapse occurs when the membrane deflection is 

one third of the effective gap height, due to this additional layer the voltage requirement 

for the membrane to collapse effectively increases. Therefore, the thickness of the 

insulating layer is another design parameter that can be used to mitigate the mechanical 

breakdown of CMUT devices [41].  

 Dynamic Operation 

For dynamic operation, an ac voltage signal is applied with the DC bias between 

the two electrodes. The ac voltage magnitude is typically much smaller than the DC 

bias which causes a small perturbation to the membrane. This perturbation of the 

membrane produces an ultrasound pressure wave. For an applied bias 

)sin()( tVVtV
ACDC

 , the force acting on the membrane is given by 

A

dk
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collapse
27
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If the driving frequency   is close to the resonant frequency, the effect of 

)sin2(
1

tVVF
ACDC

 will be much larger due to the mechanical resonance than that of

))2cos(
2

1
(

2

2
tVF

AC
 . The effect of 2

F is hence considered to be very small and can 

be neglected. The force expression can be simplified as 

 

The first part of the force expression in Equation 3.27 pulls the top electrode 

closer to the bottom electrode which effectively increases the transducer’s sensitivity. 

The applied ac voltage signal causes the membrane to vibrate and produces an 

ultrasonic wave, as shown in the second term of Equation 3.27. For the transmission 

operation, a DC bias is essential with an ac voltage so that the electrodes already get 

closer and the ac voltage exerts a larger force to generate ultrasound. In the receiving 

operation, a DC bias is required to have charge on the membrane to detect any kind of 

change in the capacitance in the form of an alternating current due to an incoming 

pressure wave.    

 Spring Softening Coefficient and Resonant Frequency 

As DCV  is increased, the electrostatic force increases quadratically and pulls the 

membrane closer to the substrate. As the membrane gets closer to the bottom electrode, 
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the generated electrostatic force modifies the spring constant of the membrane. This 

effect can be interpreted as the spring softening effect [42] and can be realized by the 

mathematical expansion of Equation 3.2 into a Taylor series at a minimum 

displacement point 0
xx   [39], [43]: 

The Taylor series expansion of a function 𝑓(𝑥) at a point 𝑥 = 𝑥0 is given by 

 

Substituting 𝐹𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 into Equation 3.5 

After rearranging Equation 3.33, 

𝑓(𝑥) = 𝑓(𝑥0) + 𝑓/(𝑥0)(𝑥 − 𝑥0) +
𝑓//(𝑥0)

2!
(𝑥 − 𝑥0)2 + ⋯ 3.28 

𝐹𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 =
𝜖𝐴𝑉2

2

1

(𝑑0 − 𝑥)2
 

Taking the Taylor series expansion of 𝐹𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 gives 

3.29 

                 =
𝜖𝐴𝑉2

2
[

1

(𝑑0 − 𝑥)2
|𝑥=𝑥0

+
(−2)(−1)

(𝑑0 − 𝑥)3
|𝑥=𝑥0

(𝑥 − 𝑥0) + ⋯ . . ] 3.30 

=
𝜖𝐴𝑉2

2(𝑑0 − 𝑥0)2
[1 + 2

𝑥 − 𝑥0

𝑑0 − 𝑥
+. . ] 3.31 

   𝑚
𝑑2𝑥

𝑑𝑡2
−

𝜖𝐴𝑉2

2(𝑑0 − 𝑥0)2
[1 + 2

𝑥 − 𝑥0

𝑑0 − 𝑥0

+. . ] + 𝑘𝑥 = 0 
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𝑑2𝑥

𝑑𝑡2
−

𝜖𝐴𝑉2

2(𝑑0 − 𝑥0)2
−

𝜖𝐴𝑉2

(𝑑0 − 𝑥0)3
𝑥 +

𝜖𝐴𝑉2

2(𝑑0 − 𝑥0)2
𝑥0+. . +𝑘𝑥 = 0 3.33 

𝑚
𝑑2𝑥

𝑑𝑡2
+ (𝑘 −

𝜖𝐴𝑉2

(𝑑0 − 𝑥0)3
) 𝑥 − (

𝜖𝐴𝑉2

2(𝑑0 − 𝑥0)2
−

𝜖𝐴𝑉2𝑥0

(𝑑0 − 𝑥0)3
) = 0 

  

3.34 

𝑚
𝑑2𝑥

𝑑𝑡2
+ (𝑘 − 𝑘𝑠𝑜𝑓𝑡)𝑥 − (

𝜖𝐴𝑉2

2(𝑑0 − 𝑥0)2
−

𝜖𝐴𝑉2𝑥0
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where 

At resting position, 𝑥0 = 0, the terms can be rearranged as follows 

where 𝑘𝑠𝑜𝑓𝑡is the spring softening coefficient. 

It can be noted from Equation 3.35 that the electrostatic force due to an applied 

bias changes the spring constant of the system. The overall spring constant is decreased 

by a factor 𝑘𝑠𝑜𝑓𝑡 with an increased DC bias, which means the membrane becomes less 

stiff. As the voltage is increased, the ratio |
𝑘𝑠𝑜𝑓𝑡

𝑘
| increases significantly which affects 

the elasticity of the membrane significantly. This modification in spring constant due 

to an increased electrostatic force is termed as the “spring softening effect”.  

The deflection of a clamped membrane at the resting position at radial distance, 

r is given by [44] 

where P is uniformly distributed pressure due to an applied bias,   is the Poisson’s 

ratio of the membrane material, E  is the Young’s modulus of the membrane material, 

R  is the membrane radius, h  is the membrane thickness, and r is the radial distance. 

For a membrane clamped at the edge, the maximum displacement which occurs at the 

center of the membrane, ( 0r ) is calculated as 

 

𝑘𝑠𝑜𝑓𝑡 =
𝜖𝐴𝑉2

(𝑑0 − 𝑥0)3
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where P is uniformly distributed pressure due to an applied bias, spring
F  is the spring 

force which is equal and opposite in direction of P , max
x is the membrane center 

deflection. 

Comparing Equation 3.4 and 3.41, 

Equation 3.43 reveals a nonlinear behaviour of the spring constant of a 

membrane. The spring stiffness of the membrane obviously decreases with increasing 

voltage (shown in Figure 3.4), which causes the membrane to vibrate more.  
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Rearranging, the spring force may now be given by  
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Figure 3.4. Spring constant and resonant frequency of a vibrating membrane as a 

function of applied DC bias for a given membrane (35 µm radius) with a given 

thickness (1.5 µm), and gap height (0.75 µm). 

The decreasing spring constant with increasing voltage also affects the resonant 

behaviour of a system [21]. This can be described mathematically using the natural 

frequency expression of a simple mass-spring mechanical system and can be given by 

[45],  

where r
f  is the resonant frequency, M is the effective mass of the vibrating membrane 

with clamped edges and k is the spring stiffness of the membrane . The effective mass 

M can be calculated as [45] 
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where 
mna

)( is a constant corresponding to the shapes of different modes of 

membrane vibration. For a circular membrane, the value of the fundamental mode 

mna
)(  ( 1,0  nm ) is 3.196, where there is no nodal line (i.e. no stationary points 

during the vibration) but only one circular stationary line (the outer edge) [46]. The 

value for 
mna

)( would be changed for different modes of vibrations and hence the 

mode frequency. 

Substituting the spring constant (Equation 3.43) into Equation 3.44, the resonant 

frequencies can be calculated analytically as follows 

The resonant frequency is a function of membrane thickness, radius, membrane 

material, membrane mass, gap height and applied bias. This resonant frequency value 

increases with reducing the membrane radii. Hence, by optimizing the device radius, 

thickness and the gap height, a desired resonant frequency can be obtained for any 

particular imaging application.   

In Equation 3.46, the resonant frequency is shown to be dependent upon the 

spring constant of the membrane. When the applied voltage is increased, due to the 

spring softening effect, the spring constant is decreased. As a result of that, the 

membrane becomes less stiff, vibrates more and the resonant frequency shifts to lower 

values. This behaviour is graphically shown as a function of operating voltages in 

Figure 3.4.  
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 Transformation Ratio 

A CMUT device converts electrical energy into mechanical energy/acoustic 

energy and vice versa. In transmitting mode, the deflection of a membrane generates 

acoustic waves and thus converts the electrical energy into acoustic energy. In receiving 

mode, the vibration of a membrane, caused by an external pressure wave, is detected as 

an alternating current and thus converts the acoustic energy into electrical energy. The 

energy conversion from one form of energy into another form is represented by a 

transformer with a transformation ratio “ n ”.  

In transmitting mode, an ac and DC bias is applied between the electrodes. This 

causes the vibration of the membrane and changes the transducer capacitance. 

Assuming, the membrane with thickness h  is separated from the bottom electrode by 

an initial distance 0
d  and the thickness of the insulating layer is i

d , as shown in Figure 

3.5.  

 

Figure 3.5. A schematic diagram of a CMUT, illustrating the membrane thickness h , 

initial gap height 0
d  and insulating layer i

d . 

The total capacitance between the top and bottom electrode can be found by 

taking into account all the capacitances associated with the membrane thickness, gap 
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height and insulation thickness. This could be calculated by taking Equation 3.16 and 

finding the overall series capacitance along with the membrane thickness: 

The parameters used in Equation 3.47 is listed in Table 3.1 

Table 3.1. Parameters used for capacitance calculation. 

T
C  Total capacitance 

0
  Permittivity of free space 

i
  Relative permittivity of the insulating material 

m
  Relative permittivity of the membrane material 

h  Thickness of the membrane. 

i
d  Thickness of the insulation layer 

0
d  Initial gap height between two plates 

When the membrane deflects with an amplitude, x , the effective gap height 

changes and hence the total capacitance  

The electrostatic force acting on the membrane due to an applied voltage, 

)sin()( tVVtV
ACDC

 , where DC
V ˃˃ AC

V , can be given by 
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The current, charging the capacitor, is given by [39]: 

As DC
V ˃˃ AC

V , the capacitance can be written as )sin()( tCCtC
ACDC

 . 

Typically the displacement of the membrane is very small compared to the gap height 

and hence AC
C ˂˂ DC

C . The current equation now takes the form: 

Differentiating Equation 3.49,  

where )( tx
dt

d
= v  is the membrane velocity at the center, 0r   

Equation 3.56 clearly describes the transformation of the membrane’s 

mechanical vibration, v , into the electrical current, I . Thus, the transformation ratio 

(I/v) in the receiving mode of CMUTs can be written using the above expression [39] 
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A simplified expression of the transformation ratio can be written as   

For a finite gap height, membrane thickness and insulating layer, the 

transformation ratio can be maximized by operating the transducer close to its collapse 

voltage. Moreover, the transformation ratio determines the transducer’s sensitivity and 

is inversely proportional to the square of the effective gap height. For a given bias 

voltage, the transformation ratio can also be controlled by optimizing the effective gap 

height. Therefore, the bias voltage and the effective gap height have significant effect 

on the transformation ratio and hence to the transducer’s efficiency.    

 Acoustic Modeling 

Modeling of a vibrating CMUT membrane for acoustic radiation is challenging 

as it requires the coupling between the electrical domain and mechanical domain. An 

analytical model for acoustic pressure evaluation is discussed in the following 

subsection. 

3.7.1 Radiation from a Plane Circular Piston 

The acoustic pressure from a CMUT device was derived analytically based on 

a piston vibration analysis [47], where the CMUT membrane was assumed to be a 

piston mounted on a rigid plane boundary. The piston model was used for simplified 

assumptions which, for example, ignores the effect of rigid edge and includes the 
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coupling with other physical domains. A CMUT membrane can be compared to a piston 

when the deflection is very small comparing to the lateral membrane dimension. 

Assuming that, the piston has radius 𝑅 , area 𝑑𝐴 and is vibrating with a displacement,

x . The source is assumed to be vibrating uniformly across the surface and normal to 

the plane boundary with velocity, v , where 
)( tj

xev


 . The piston model couples the 

electrical/mechanical domain with the acoustic domain by the piston displacement, x . 

The geometry, used for deriving the acoustic radiation at a point ),,( trp  far from the 

piston source, is shown in Figure 3.6.   

 

Figure 3.6.  Schematic diagram of a geometry, for deriving the radiation created from 

a circular piston. 

The acoustic pressure, p , generated by the piston source, on the axis can be 

written as [48]  
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where x is the piston displacement. The product of the piston density, 𝜌 and the speed 

of sound, c , in a particular medium may be described as the acoustic impedance, 𝜌𝑐. 

At a distance far from the membrane,  
𝑟

𝑅
≫ 1, the square root in Equation 3.60 can be 

simplified to 

  

where 𝑘 =
2𝜋

𝜆
 denotes the wave number that defines the number of cycles over a 

specified distance and   is the wavelength of the generated pressure wave. At a point 

far from the source, 
𝑟

𝑅
≫ 1 and if  

𝑟

𝑅
≫ 𝑘𝑅, the pressure amplitude approaches zero 

asymptotically as r  goes infinity.  

 

Figure 3.7. Normalized axial acoustic pressure, generated by a circular piston source, 

at f  3 MHz with radius  𝑅 = 2.47 mm. 

Equation 3.60 is shown graphically in Figure 3.7 which illustrates the nature of 

the axial acoustic pressure, at positions near and far from the source. Two distinct 
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regions are clearly visible in Figure 3.7. The acoustic pressure wave has fluctuations in 

amplitude near the source, which is known as the “near field”. In the region where the 

pressure wave decreases asymptotically with the distance and approaches a 
r

1
 

dependency, is referred to the “far field” region.  

Typically the far field is the region of interest for most acoustic applications as 

the radiation pattern in the far field is found to be relatively uniform and stable. In the 

far field ( r >> R ), the acoustic pressure is given by [48] 

where the acoustic pressure contains a special term in the bracket which is known as 

the directivity function, DF and can be written as [48],  

where 1
J  is the first order Bessel function, D is the piston length,  is the wavelength 

of the generated wave,   is the angle from an axis perpendicular to the piston’s center 

where the sound pressure is measured (see Figure 3.6). 

The directivity function gives a measure of how directional the transmitted 

sound wave is. The more directional a wave is, the more acoustic power is concentrated 

into a preferred direction. Due to this directivity function, the acoustic radiation pattern 

in the far field gives different values in different directions. The generated acoustic 
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pressure wave becomes more directional when the directivity function, DF  approaches 

to unity as   goes to zero. 

A relationship between the directivity function and the piston length and 

operating frequency can be made using Equation 3.64. 

This implies that by employing a large transducer (i.e. using numerous devices), 

as shown in Equation 3.65, a sharp, directional beam with a high acoustic power can be 

obtained. The similar result can also be achieved by operating a transducer at higher 

frequency (see Equation 3.66).  

To have a better understanding of the characteristics of a CMUT, a finite 

element modeling was performed which is discussed in the following section. The 

analysis from the analytical method and the numerical finite element method will be 

used to design and optimize the CMUTs and will be fabricated.  

 Finite Element Modeling 

Numerical based solutions (e.g. finite element modeling) are the most widely 

used modeling tool for designing and analyzing MEMS devices. Finite element analysis 

can give more accurate estimation of design, optimization and performance evaluation 

of MEMs transducers. Researchers have used finite element modeling (FEM) to 

accurately model CMUT devices, based on parallel plate capacitor and piston radiator 
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models [47]. A finite element modeling method is presented in the following 

subsections.  

3.8.1 Electrostatic Finite Element Model 

A finite element model of a single CMUT was constructed using COMSOL 

Multiphysics simulation software. The 3-D model consisted of a circular polysilicon 

membrane (top electrode) suspended over a silicon substrate (bottom electrode). The 

top electrode was separated from the bottom electrode by an air gap. A silicon nitride 

layer was introduced on top of the silicon substrate. The boundary conditions in the 

model included clamping the edge of the CMUT membrane and allowing the top 

membrane to be free to vibrate. The membrane was assumed to be flat initially and the 

edge curvatures were ignored to simplify the structure. The model used an 

electromechanical interface, which combined the solid mechanics and electrostatics to 

model the deformation of the electrostatically actuated membrane. Electrical potential 

(DC bias) was applied to the top electrode and the silicon substrate was grounded. No 

external pressure was applied on the membrane surface.  

3.8.1.1 Static Analysis  

The static simulations were performed to observe the nonlinear behaviour of a 

CMUT device under an applied bias. A fixed DC bias was applied on the membrane to 

model the membrane deflection as a function of static bias. The physical parameters 

and their values, used in FEM model, are listed in Table 3.2.  
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Table 3.2. CMUT Parameters for static FEM model 

When an electrical potential is applied, the membrane undergoes an electric 

displacement due to the force caused by the applied voltage. The maximum 

displacement of the membrane clamped at the edge occurs at the center which can be 

seen in Figure 3.8. The displacement was also found to be higher for larger membranes.  

 

Figure 3.8. Static displacement of a polysilicon membrane (60 µm radius), with the 

substrate grounded and a 10 V DC bias applied to the membrane.   

nm

Gap height = 0.75 µm

Radius  = 60 µm

Effective gap height ~ 0.673 µm

Displacement ~ 77 nm

Membrane displacement, nm

Parameters Value with unit 

Polysilicon membrane thickness 1.5 µm 

Air gap height 0.75 µm 

Silicon nitride thickness 0.6 µm 

Density of polysilicon membrane 2320 kg/m3 

Polysilicon Poisson’s ratio 0.22 

Polysilicon Young’s modulus 160 GPa 

Permittivity of free space 8.854×10-12 F/m 

Temperature 200 C 
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Figure 3.9. Analytical and FEM static deflection of a single CMUT device (40 µm 

radius) as a function of applied bias.   

The maximum displacement under various DC bias were investigated by 

conducting the electrostatics simulations and are shown in Figure 3.9. The applied 

voltages for simulation were chosen to avoid membrane instability at the collapse 

voltage. The maximum displacement was also calculated from an analytical parallel 

plate model using Equation 3.39. A comparison was made between the analytical and 

finite element displacement of a CMUT device and is shown in Figure 3.9. 

In both cases, the electrostatic force increased with an increasing bias voltage 

and therefore the membrane deflection also increased. However, the analytical 

displacement showed a slightly greater amplitude than the FEM model, especially with 

increasing voltages. The deviation could be the result of the simplifications made in the 

analytical model, which, for example, does not consider the electromechanical coupling 
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between the electrical and the mechanical domain or the prominent nonlinearity close 

to collapse voltage. 

3.8.1.2 Frequency Analysis 

  Electromechanical Eigen frequency simulation was performed to investigate 

different natural vibration modes of a CMUT membrane. The Eigen frequency analysis 

computes natural vibration modes of a structure. The 3D shapes of a membrane with 

40 µm radius at different vibration modes are illustrated in Figure 3.10. The 

fundamental vibration mode gave the maximum center displacement. The other modes 

had non-uniform membrane shapes and would therefore generate a non-uniform 

pressure wave.  

 

Figure 3.10. The simulated natural vibration modes of a 40 µm radius CMUT device 

with a 10 V DC bias applied to the membrane. The device physical parameters are 

given in Table 3.2.  

  

The fundamental resonant frequencies of different membrane radii were 

determined using COMSOL Eigen frequency simulation. The resonant frequency was 

also calculated using previously mentioned analytical model and using the parameters 

listed in Table 3.2. A comparison was made between the analytical and FEM results. 

(a) (0,1) vibration mode at 3.74 MHz   (b) (1,1) vibration mode at 7.76 MHz   
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This comparison is shown in Figure 3.11. The FEM results showed a close agreement 

with that of the analytical model for all devices except for those with extremely large 

radii. The small differences for large devices may be attributed to some of the simplified 

assumptions made in the analytical model. 

 

Figure 3.11. The analytical and FEM fundamental resonant frequencies as a function 

of membrane radii, biased with a 10 V DC. 

3.8.1.3 Time Dependent Analysis 

With the same geometry and boundary conditions as mentioned previously in 

the discussion of the static FEM model, electromechanical time dependent simulations 

were performed using COMSOL Multiphysics FEM software. An alternating voltage 

(ac) signal was superimposed on a DC bias and then was applied to the membrane. The 

transient response of an actuated membrane is shown in Figure 3.12, where the 

membrane was actuated by a 14 V, 1 MHz ac voltage, biased at 90 V DC. The static 
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displacement of a 40 µm radius membrane was found to be 45 nm. The ac peak to peak 

displacement was found to be 31 nm, when operated at 1 MHz.  

 

Figure 3.12. Transient response of a CMUT membrane with 40 µm radius, excited by 

a 14 V, 1 MHz ac voltage, biased at 90 V DC. The physical parameters for this device 

simulation are listed in Table 3.2.  

The membrane vibration can be written as [49]  

and membrane acceleration  

where Δw is the ac peak to peak displacement, 
Δw

2
  is the vibration amplitude, 𝜔 is the 

operating frequency and  𝜙 is the initial phase angle. 

It was found that the vibration amplitude, Δw/2 for a fixed DC bias increased 

as the ac voltage was increased, until it reached to collapse region. It was also found 

that operating the transducer at higher frequencies, but still below the resonant 

frequency, increased the vibration amplitude and hence the acceleration. The static 

w =
Δw

2
  𝑠𝑖𝑛 (𝜔𝑡 + 𝜙) 3.67 

𝑎 = −𝜔2
Δw

2
 𝑠𝑖 𝑛(𝜔𝑡 + 𝜙), 3.68 
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displacement, vibration amplitude and acceleration of a 40 µm radius membrane, driven 

at various frequencies, with a 90 V DC bias and 14 V ac voltage are given in Table 3.3.  

Table 3.3. Displacement and acceleration of a 40 µm radius CMUT membrane at 

various driving frequencies with a 90 V DC bias and a 14 V ac voltage signal. 

Frequency (MHz) DC displacement 

(nm) 

ac P-P  displacement 

(nm) 

Acceleration 

(m/s2 ) 

1 45 31 0.61×106 

1.5 45 36 1.59×106 

2 45 41 3.24×106 

2.5 45 50 6.17×106 

3 45 60 1.07×107 

3.8.2 Acoustic Finite Element Model 

The 2-D COMSOL acoustic simulations were performed using a pressure 

acoustics module in the frequency domain, to investigate the acoustic pressure field 

generated by a CMUT device. A model was developed for simulating single device and 

1-D linear array. The model consisted of a polysilicon membrane as a source, a medium 

(fluid/air), a structure-medium interface (membrane surface) and a perfectly matched 

layer. The schematic of a CMUT device to model the generated acoustic pressure is 

shown in Figure 3.13. 
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Figure 3.13. The geometry of a single membrane surrounded by water medium 

including a perfectly matched layer, constructed in COMSOL Multiphysics for 

acoustic simulations. 

The propagation of sound wave in a fluid may be derived from the equation of 

fluid flow. The pressure of the propagating sound wave can be written as [50]   

where 𝑝 is the acoustic pressure field, 𝜌 is the density of the fluid, 𝑐 the speed of sound 

in the fluid, 𝑞 and 𝑄 are the acoustic sources. The above wave equation can be solved 

in the frequency domain and the acoustic pressure component can be written using 

complex variables  

where 𝑝(𝑥) is the spatial pressure. Substituting Equation 3.70 into 3.69, the time 

dependent wave equation becomes the well-known Helmholtz equation 

1

𝜌𝑐2

𝜕2𝑝

𝜕𝑡2
+ ∇. (−

1

𝜌
(∇𝑝 − 𝑞)) = 𝑄, 3.69 

𝑝 = 𝑝(𝑥)𝑒𝑗𝜔𝑡 , 3.70 

A perfectly matched layer  
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Solid-Medium interface 
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The CMUTs were assumed to be operated in water-immersion mode. A 

spherical domain of water was considered around the CMUT device. The radius of the 

water domain was set to 5 cm which satisfies the far field condition given by [51]  

where NF is the near field boundary, D is the total length of the transducer, λ is the 

wavelength ( cf ), c  is the speed of sound in water, and f  is the operating 

frequency. The model includes a perfectly matched layer at the outer boundary of the 

water domain, to absorb all the outgoing waves and thus eliminate reflections at the 

interface. The width of the matched layer was set to be 5λ, which was wide enough to 

absorb the outgoing waves. A normal acceleration was applied to the solid-medium 

interface (i.e. CMUT surface) to couple the electromechanical domain with the acoustic 

domain. The normal acceleration, 𝑎𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 can be given by [50] 

where 𝑛 is the unit normal vector, 𝑎𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 is the membrane acceleration and w(𝑡) is 

the vibration amplitude. The normal acceleration was calculated from the 

electromechanical time dependent simulation (see Figure 3.12 and Table 3.3). Due to 

the applied acceleration, the CMUT membrane vibrates and generates an acoustic 

pressure wave which is directly proportional to the vibration amplitude. 

In this model, a boundary condition was applied at the edge of the CMUT 

device, where the normal velocity was set to zero.  

∇. (−
1

𝜌
(∇𝑝 − 𝑞)) −

𝜔2

𝜌𝑐2
𝑝 = 𝑄 3.71 

,
4

2



D
NF   3.72 

𝑎𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 =
𝑑2w(𝑡)

𝑑𝑡2
= 𝑛 (

1

𝜌
(∇𝑝)) 3.73 
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After applying all the boundary conditions, the acoustic pressure can be 

calculated using the Helmholtz equation and can be given by  

Typically, the CMUTs are fabricated in large arrays and all the devices are 

actuated simultaneously to get a larger acoustic pressure. Therefore, a 1-D CMUT array 

with 55 single devices, with a 10 µm spacing between two individual devices, was 

simulated to investigate the generated acoustic pressure distribution. The generated 

acoustic pressure from this array and the variation in acoustic pressure with distance is 

shown in Figure 3.14 and Figure 3.15 respectively. The parameters used in the acoustic 

simulations are listed in Table 3.4.  

Table 3.4. CMUT Parameters used in acoustic simulation 

𝑛 (
1

𝜌
(∇𝑝)) = 0 3.74 

∇. (−
∇𝑝

𝜌
) −

𝜔2

𝜌𝑐2
𝑝 = 0 3.75 

Parameters Value with unit 

Polysilicon membrane radius 40 µm 

Membrane thickness 1.5 µm 

Speed of sound in acoustic medium 1500 m/s 

Acoustic medium density(water) 1000 kg/m3 

Radius of acoustic medium 5 cm 

Inter element spacing 10 µm 

Operating frequency 3 MHz 

No. of devices in an array 11-95 

Temperature 200 C 
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Figure 3.14. (a) The acoustic pressure distribution in water, generated by a 1-D array, 

with 55 single devices in a row and operating at 3 MHz frequency. (b) Enlargement of 

the acoustic pressure distribution of a small area indicated by the dashed line box in 

(a). The physical device parameters used in the acoustic 2-D simulation are given in 

Table 3.4.  
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Figure 3.15.  The variation of acoustic pressure with axial distance (direction of sound 

propagation), generated by a 1-D transducer array with 55 devices in a row and 

operating at 3 MHz frequency.  

In Figure 3.15, the acosutic pressure near the source has fluctuations in pressure 

amplitude. This region is commonly known as the “Near field” region. Just beyond the 

near field region, the sound pressure is relatively uniform (between 15-20 mm), after 

which the pressure decreases asymptotically with increasing distance from the array. 

This later region is referred to the “Far field” region [52].   

The directivity pattern of the generated sound pressure is important to be 

investigated as the directivity pattern gives a measure of how directional the transmitted 

sound wave is. From Equation 3.65, the directivity of a beam was found to be dependent 

on the transducer length, the operating frequency and the speed of sound in a particular 

medium. By conducting COMSOL pressure acoustic simulations, the beam directivity 

pattern and sound pressure level of different 1-D CMUT arrays were investigated.  
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Figure 3.16. The simulated angular beam directivity pattern showing the sound 

pressure level (dB) for two different arrays (a) 11 devices (b) 95 devices, operating at 

3 MHz frequency. 

 

 

Figure 3.17. The simulated radiation pattern (sound pressure level) at the far field as a 

function of beam angle of two different arrays: 11 devices and 95 devices, operating at 

3 MHz frequency.  

The simulated angular beam directivity pattern of two 1-D arrays with different 

transducer lengths ( D ) is shown in Figure 3.16. The directivity is expressed as the 

(a)                                                                (b) 
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angular separation at the point where the peak radiation decreases by 50% or -3 dB 

from the peak value of the main beam. This angle is known as half power beamwidth 

(HPBW) or -3 dB beamwidth. The -3 dB beam width for the 11 device array (length 

=0.98 mm) was 25.90 and for the 95 device array (length=4.94 mm) it is much smaller 

at only 30, as shown in Figure 3.17. It can be seen from Figure 3.17 that the radiation 

pattern of the 95 device array transducer is more directional and has more concentrated 

power into the center of the main lobe. The -3 dB beam width and corresponding 

maximum sound pressure level were extracted from the acoustic simulations and are 

plotted in Figure 3.18. The acoustic pressure P  is normally expressed on a logarithmic 

scale (dB) (see Equation 3.76) and can be calculated using Equation 3.63 or Equation 

3.75, 

where ref
P is the reference pressure in water with a value PaP

ref
1  

Sound Pressure Level = dB
P

P

ref

10
log20  3.76 
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Figure 3.18. The half power beamwidth (-3 dB) and sound pressure level (dB) for 

arrays of different transducer lengths, operating at 3 MHz frequency.  

From Figure 3.18, it can be seen that a larger array of transducers (i.e. 

employing 95 devices in the array as opposed to 11 devices) results in a more directional 

and sharp beam. Therefore, a highly directive CMUT array with significant acoustic 

pressure field for imaging can be achieved by increasing the transducer array length 

and employing more CMUT devices in an array.  
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: Fabrication Process Flow 

To ensure a successful fabrication yield, a system-level design of capacitive 

micromachined ultrasonic transducer (CMUT) was performed using a commercially 

available MEMS Pro CAD tool. Different design parameters were investigated to yield 

a larger acoustic signal generation, higher sensitivity, optimum resonant frequency and 

lower driving voltage. Based on the simulations performed in COMSOL Multiphysics 

(as mentioned in Chapter 3), some single devices and 1-D arrays were designed and 

fabricated.  

 Fabrication Method and Design Considerations   

The CMUTs were fabricated using PolyMUMPs technology offered by 

MEMSCAP Inc. through CMC Microsystems. PolyMUMPs has been widely used as a 

fabrication technology for MEMS devices for over a decade. Different types of sensors 

have been fabricated using PolyMUMPs process, which include acoustic sensors, 

accelerometers, micro-fluidics, robotics, display technologies etc. PolyMUMPs 

technology is convenient and economical fabrication process for MEMS devices that 

offers a variety of design parameters. The PolyMUMPs process provides three 

polysilicon layers as the structural layers, two deposited oxide layers as the sacrificial 

layers, and a silicon nitride layer as an isolation between the substrate and the 

polysilicon layers [53]. The material layers with their thickness are given in Table 4.1. 
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Table 4.1. Layers name and thickness offered by POLYMUMPs 

Material layer Thickness   

Silicon Nitride 600 nm 

Poly 0 500 nm 

First Oxide 2.0 µm 

Poly 1 2.0 µm 

Second Oxide 0.75 µm 

Poly 2 1.5 µm 

Metal 0.5 µm 

 

From the analytical and finite element analysis, discussed in Chapter 3, it was 

found that a thinner membrane gives a larger signal amplitude (see 3.8.1.1), and a 

lower gap height provides a lower collapse voltage (see Figure 3.3). The collapse 

voltage and the resonant frequency, using the available design parameters from the 

PolyMUMPs process, were calculated using Equation 3.14 and 3.46, and are given in 

Table 4.2.  

Table 4.2. Calculated collapse voltages of different gap heights of a membrane with 

radius 40 µm and thickness 1.5 µm. 

Sacrificial Material Gap Height Collapse Voltage Resonant Frequency 

Oxide 1 2 µm 564 V 3.75 MHz 

Oxide 2 0.75 µm 129 V 3.75 MHz 

Oxide 1+ Oxide 2 2.75 µm 909 V 3.75 MHz 

The oxide 2 layer (0.75 µm thickness), as the sacrificial layer and subsequently 

defining the gap height, was shown to provide lowest collapse voltage (see Table 4.2). 

Hence, the oxide 2 layer was used as the sacrificial layer and the poly 2 layer with 1.5 
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µm thickness was chosen to be used as the structural layer. A silicon nitride layer with 

600 nm thickness was used to isolate the substrate from the other layers. Different 

device radii (ranging from 20 to 60 µm) were designed to yield resonant frequencies in 

the range 1-10 MHz. Single devices with radii of 20, 30, 40, 50 and 60 µm were 

fabricated. Two 1-D arrays with radius 40 µm were also fabricated in the same chip. 

Two design configurations were employed in this work. The first configuration 

used the poly 2 layer as the top electrode and the heavily doped silicon surface as the 

bottom electrode. This particular configuration that was symbolized as “Design-B” may 

suffer from an electrical shorting between the top electrode and the bottom substrate 

due to the absence of an isolation layer. This electrical shorting could permanently 

damage the device. Therefore, to avoid permanent damage of this device, a 600 nm 

silicon nitride isolation layer was deposited onto the substrate and thus introduced 

another design configuration as “Design-A”.  

 Fabrication Process 

The process began with a 150 mm n-type (100) silicon wafer with a resistivity 

of 1-2 Ω-cm. The surface of the wafer was heavily doped with phosphorus, which was 

later used as the ground electrode in both designs. A 600 nm silicon nitride layer was 

then deposited as an electrical isolation layer using LPCVD (Low pressure chemical 

vapour deposition), shown in Figure 4.1 (a) and Figure 4.2 (a). A small area of the 

nitride layer was removed at the corner of the chip to allow contact to the substrate, 

which was later bonded to a contact pad [53].  
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A 500 nm LPCVD Polysilicon film (Poly 0) was deposited, patterned by 

photolithography and etched using plasma etching (see Figure 4.1 (b) and Figure 4.2 

(b)). This was then followed by the deposition of a 2.0 µm LPCVD phosphosilicate 

glass (PSG) layer (oxide 1), shown in Figure 4.1 (c) and Figure 4.2 (c). It was then 

annealed at 10500 C for 1 hour. The PSG layer was lithographically patterned and 

etched using plasma etching. A 2.0 µm Polysilicon structural layer (Poly 1) was then 

deposited using LPCVD. Another 200 nm PSG layer was deposited over the Poly 1 

layer and the wafer was then annealed at 10500 C for 1 hour. The annealing process 

dopes the polysilicon layer and considerably reduces the stress in the Poly 1 layer. The 

Poly 1 layer (along with the PSG layer) was then lithographically patterned and etched, 

shown in Figure 4.1 (d) and Figure 4.2 (d). This step allowed to form a stack of 

polysilicon layers which was used as an anchor for the next structural layer (see Figure 

4.1 (d)).  

After Poly 1 was etched, a second 0.75 µm sacrificial PSG layer (oxide 2) was 

deposited and annealed at 10500 C for 1 hour, as shown in Figure 4.1 (e) and Figure 4.2 

(e). The second oxide layer was then lithographically patterned to provide a mechanical 

and electrical connection between the Poly 1 and Poly 2 layers as the design required 

and then etched using plasma etching. The second 1.5 µm Polysilicon structural layer 

(Poly 2) was then deposited followed by the deposition of a 200 nm PSG layer, shown 

in Figure 4.1 (f) and Figure 4.2 (f). The wafer was annealed at 10500 C for 1 hour to 

dope the Poly 2 layer and to reduce residual film stress. The PSG and polysilicon layer 

were then photo lithographically patterned and etched using plasma etching.  



55 

 

A 0.5 µm metal layer was deposited (only in array structures) and then patterned 

with a lift-off process, which provided the probing and electrical connection. The final 

step was to release the Poly 2 layer by removing the second sacrificial layer (oxide 2) 

underneath. The sacrificial release was performed by immersing the chip into 49% 

hydrofluoric acid (HF) for 1.5-2 minutes. This was followed by rinsing in deionized 

(DI) water, in alcohol to avoid stiction and was then baked in an oven at 110oC for 10 

minutes [53]. The final CMUT structure of Design-A and Design-B, after sacrificial 

release, can be seen in Figure 4.1 (g) and Figure 4.2 (g) respectively. 

 

(a)                                                                                               (b)

(c)                                                                                               (d)

(e)                                                                                              (f)



56 

 

 

 

Figure 4.1. The process steps for the PolyMUMPs fabrication technology: Design-A 

(a) Deposition of silicon nitride layer on the doped silicon substrate as an insulating 

layer between the gap and the substrate. (b) Deposition of Poly 0 layer on the silicon 

nitride layer, patterned and etched. (c) Deposition of oxide 1 layer, patterned and 

plasma etched (d) Deposition of Poly 1 layer, lithographically patterned and etched. 

(e) Deposition of oxide 2 layer as the sacrificial layer, lithographically patterned and 

etched. (f) Deposition of Poly 2 layer as the structural layer (CMUT membrane). (g) 

Releasing the Poly 2 membrane by removing the oxide 2 sacrificial layer by 

immersing into 49% HF bath for 1.5-2 minutes. (Layer heights and dimensions are 

not in scale). 

 

 

(g) 

Substrate Nitride Poly 0 Poly 1 Oxide 2 Poly 2Oxide 1

     (a)                                                                     (b) 
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Figure 4.2. The process steps for the PolyMUMPs fabrication technology: Design-B 

(a) Deposition of a silicon nitride layer on the doped silicon substrate as an insulating 

layer between the top and bottom electrode. (b) Deposition of Poly 0 layer on the 

silicon nitride layer, patterned and removed by plasma etching. (c) Deposition of 

oxide 1 layer, lithographically patterned and etched using plasma etching. (d) 

Deposition of Poly 1 film, lithographically patterned and etched. (e) Deposition of 

oxide 2 layer as the sacrificial layer, patterned and etched using plasma etching. (f) 

Deposition of Poly 2 which is the CMUT membrane. (g) Releasing the Poly 2 

membrane by removing the oxide 2 layer by immersing into 49% HF bath for 1.5-2 

minutes. (Layer heights and dimensions are not in scale)   

(g) 

Substrate Nitride Poly 0 Poly 1 Oxide 2 Poly 2Oxide 1

          (c)                                                                     (d) 

      (e)                                                                     (f) 
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: Electrical and Optical Characterization of 

CMUTs 

The electrical characterization of the fabricated CMUT devices is presented in 

this chapter. The key parameters that were measured are capacitance, input impedance, 

resonant frequency and collapse voltage. The capacitance and the electrical impedance 

were measured to investigate the transducer’s functionality under various biasing 

conditions. The resonant frequency was measured to study the CMUT’s operating 

frequency range. To avoid the mechanical breakdown of a membrane due to a high 

electric field, the collapse voltage was investigated. The optical characterization of the 

CMUT devices which includes the visualization and analysis of structural vibrations is 

also described in this chapter.           

 Electrical Characterization 

In this work, two CMUT designs were fabricated. In the first design (Design-

A), the membrane support was slightly higher than the second design (Design-B), 

resulting from an extra silicon nitride layer, as shown in Figure 5.1. This resulted a 

marginally higher gap at the edge of Design-A, while maintaining the same effective 

membrane dimension as Design-B. The effective membrane diameters for the two 

designs are shown in Figure 5.1. The electrical characterization results using Design-A 

and Design-B CMUT devices are presented in the following sections. 
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Figure 5.1. Schematic view of a PolyMUMPs fabricated CMUT: (a) Design-A (b) 

Design-B (not in scale) 

5.1.1 Capacitance without Bias 

A CMUT is a variable capacitor that changes its capacitance with an applied 

bias. Hence, the capacitance of a CMUT device is important to measure both with and 

without an applied bias. At first, the capacitance was measured at zero bias voltage for 

Design-A and Design-B devices of several areas. The capacitance measurement was 

performed using an Agilent 4284A Precision LCR meter. A small 50 mV ac voltage 

signal was applied to enable the capacitance measurement.   

The voltage was applied to the polysilicon 2 layer which was the top electrode 

and the substrate as the bottom electrode was grounded. The capacitance measured 

using the LCR meter included the membrane capacitance, and the parasitic elements 

associated with the interconnecting and the metal pad. Even though the membrane 

dimension of Design-A and Design-B were the same, Design-A devices had higher 

parasitic elements as discussed and shown in detail in Section 4.2. Therefore, Design-

A devices had a higher effective area including both the membrane and parasitic 

elements than Design-B devices, for a given radius of device.  

Silicon Substrate 

SILICON SUBSTRATE SILICON NITRIDE  POLY1 POLY2 POLY0 

Design-A  Design-B  

Effective Membrane Diameter  Effective Membrane Diameter  

Silicon Substrate 
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Figure 5.2. Capacitance of Design-A and Design-B CMUT single devices as a 

function of area. 

The measured capacitance of five single devices (Design-A) as a function of 

their area is shown in Figure 5.2, where the capacitance changes linearly with the area. 

Design-B devices also showed a linear relationship between the capacitance and their 

area, as shown in Figure 5.2. A parasitic capacitance of 1.8 pF (Design-A) and 1.58 pF 

(Design-B) was found in the experimental data, which was extracted from the intercept 

at the y axis of Figure 5.2. The error bars were calculated from the standard deviation 

of five sets of experimental data measured on the same devices. 

5.1.2  Capacitance with Bias   

In order to investigate the basic functionality of a PolyMUMPs fabricated 

CMUT device, the capacitance under various bias voltages was measured. An Agilent 
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Precision Impedance Analyzer 4294A was used to measure the capacitance of single 

devices and 1-D arrays. The impedance analyzer was used for this measurement as it 

provided a broader frequency range (40Hz-110MHz) than the LCR meter (20Hz-

1MHz). A custom designed bias-T was used to superimpose the ac and DC signals and 

then applied to the CMUT which was in a test fixture. The test fixture was used to 

interface the packaged device to the impedance analyzer through BNC connectors. The 

maximum DC voltage limit of the bias-T was 100 V and it had a frequency range 500 

kHz-15 MHz. In this experiment, a 50 mV, 1 MHz ac voltage signal was applied using 

the Precision Impedance Analyzer. A Keithly 237 high voltage source was employed 

as the DC source. The DC bias was swept from 0 V to 70 V in 2 V increments. A 

diagram of this experimental setup is shown in Figure 5.3. 

 

Figure 5.3. Experimental set up for capacitance measurement, performed at room 

temperature. 

  

Bias-T 

RF IN 

DC IN 

DC+RF OUT 

DC voltage source 

Impedance Analyzer 

CMUT 
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Figure 5.4. Differential capacitance as a function of DC bias of a 60 µm radius 

membrane CMUT. A 50 mV, 1 MHz ac voltage was superimposed on the DC Bias. 

The frequency and amplitude of the ac signal was chosen to be far from the 

device resonant frequency to obtain a “static-like” capacitance with minimal vibration. 

The capacitance of a CMUT device with 60 µm membrane radius (Design-A) was 

measured at each voltage step, plotted as a function of DC bias and is illustrated in 

Figure 5.4. This 60 µm membrane exhibited a capacitance change of 170 fF from 0 V 

to 70 V. 

The capacitance of a CMUT device can be expressed using Equation 3.3 which 

is repeated here for the convenience of the reader. 
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where  is the dielectric permittivity of air, A is the membrane area, 0
d is the initial air 

gap height and x is the vertical membrane displacement under an applied bias. 

When a DC bias is applied across the capacitor, the membrane deflects and the 

total gap height is reduced. The reduction in gap height increased the capacitance of the 

60 µm radius membrane, resulting from the increased membrane deflection. The 

standard deviation, measured from averaging 801 measurement points (provided by the 

impedance analyzer), was found to be small ~0.063 fF and could be the result of 

equipment noise. The effect of parasitic elements on the membrane capacitance due to 

the wire bonding, soldered connections and the test fixture was assumed to be 

independent of a bias voltage or frequency.  

The capacitance of two 1-D arrays (Design-A and Design-B) was also measured 

using the impedance analyzer. The DC bias was again swept from 0 V to 70 V but with 

a 5 V step size. Each array consisted of 22 single devices connected to each other with 

a metal layer; each single device had a membrane of 40 µm radius. The capacitance 

change of two 1-D arrays as a function of applied DC bias is shown in Figure 5.5.  
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Figure 5.5. Differential capacitance of two 1-D arrays as a function of DC bias 

voltage. Each array consists of 22 single devices and each device has a membrane of 

40 µm radius. A 50 mV, 5 MHz AC voltage was superimposed on the DC Bias. 

In Figure 5.5, a slightly higher capacitance change is seen for Design-A array 

device (232 fF) than for Design-B array (215 fF). As mentioned earlier in Section 5.1.1, 

due to large parasitic elements in Design-A devices, a larger area and hence a larger 

capacitance was found in Design-A devices than that of Design-B. In addition, both 

devices showed increasing capacitance with increasing voltages which was a direct 

result of increasing membrane deflection (see Equation 3.3). The standard deviation, 

measured from averaging 801 measurement points for each signal, was found to be 

small ~0.89 fF.    

The capacitance change (Design-A and Design-B) as a function of the DC bias 

confirms the basic functionality of the CMUT devices. As expected, the array showed 
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a higher capacitance than a single device, as the capacitance is proportional to the total 

membrane area. Therefore, an array with numerous CMUT devices would produce an 

increased acoustic power.  

5.1.3 Impedance Measurements 

The electrical impedance is an important parameter to characterize these CMUT 

devices. This is a complex quantity which gives the real part and the imaginary part of 

the measured device. Electrical impedance measurements were performed using an 

Agilent 4294A Precision Impedance Analyzer. The impedance analyzer was used as 

the ac source and a Keithly 237 high voltage source was used as the DC source. The 

impedance of a 1-D array (Design-A) was measured while the DC bias was increased 

from 0 to 90 V. As the bias-T had a maximum 100 V DC voltage limit, a 90 V DC bias 

was used at maximum, which was still below the theoretical collapse voltage of that 

device (~129 V) (see Section 3.3). A 50 mV ac voltage signal was superimposed on the 

DC Bias to enable the impedance measurement. This array consisted of 22 single 

devices; each device had a membrane of 40 µm radius. The change in real and 

imaginary part of the measured impedance of the 1-D array (Design-A) is shown in 

Figure 5.6.  
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Figure 5.6. Change in real part of the impedance of a 1-D array (Design-A) as a 

function of frequency under various DC bias. A 50 mV AC voltage was superimposed 

on the DC Bias. 

As the DC bias was increased, the change in the real part of the impedance (∆𝑅) 

also increased significantly. This change in the real impedance can be described by the 

following equivalent capacitor circuit model, shown in Figure 5.7. 

From Figure 5.2, it was obvious that the CMUT devices had parasitic elements, 

which typically behave like series resistance (𝑅𝑠), series inductance(𝐿), and parallel 

resistance (𝑅𝑝). The series resistance (𝑅𝑠) and the series inductance(𝐿) may arise from 

the wires and electrodes, whereas the parallel resistance (𝑅𝑝) represents the loss of the 

dielectric material [54]. Typically, when the capacitance of a device is measured using 

an impedance measurement instrument, it is measured either in series mode, 𝐶𝑠 − 𝑅𝑠 (a 

capacitor with a series resistance) or in parallel mode, 𝐶𝑝 − 𝑅𝑝 (a capacitor with a 

parallel resistance). In this measurement, a series measurement circuit mode, 𝐶𝑠 − 𝑅𝑠 

(

a) 
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was chosen, because this circuit mode allows the direct measurement of 𝐶, 𝐿, 𝑅 values 

from the impedance characteristics. Therefore, a capacitor with parasitic elements can 

be represented as a 𝐶 − 𝑅 − 𝐿 circuit model as shown in Figure 5.7.   

 

Figure 5.7. Schematic of a capacitor equivalent circuit model. 

The impedance, 𝑍 of a typical 𝐶 − 𝑅 − 𝐿 circuit model can be written as [54] 

                             Real part                      Imaginary part 

The parameters used in Equation 5.1 is listed in Table 5.1. 

Table 5.1. Parameters used in a capacitor equivalent circuit model. 

𝑍 Electrical impedance 

𝑅𝑠 Parasitic series resistance 

𝑅𝑝 Parasitic parallel resistance 

𝐶 Capacitance 

𝐿 Parasitic inductance 

𝜔 Angular frequency 

The real part of the impedance in Equation 5.1 is not only just a resistance, 𝑅𝑠 

but also a function of capacitance, 𝐶. When the DC bias is increased, the membrane 

deflection increases, as a result the capacitance increases and the real part of the 

𝑍 = 𝑅𝑠 +
𝑅𝑝

1 + 𝜔2𝑅𝑝
2𝐶2

+     𝑗
𝜔𝐿 − 𝜔𝑅𝑝

2𝐶 + 𝜔3𝑅𝑝
2𝐿𝐶2

1 + 𝜔2𝑅𝑝
2𝐶2

 5.1 
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impedance changes, as shown in Equation 5.1. This in turn explains that the change in 

the real part of the impedance is due to the change in the membrane deflection with DC 

bias.  

The real part of the impedance change, resulting from the membrane deflection, 

can be related with the total acoustic pressure. In Section 3.7.1, it was shown 

analytically that the larger membrane deflection causes a greater acoustic pressure. The 

expression for acoustic pressure is shown here for simplicity. If a CMUT membrane 

vibrates with a velocity 𝑣 = 𝑥 ∗ 𝑒
jwt

, the total acoustic pressure generated by that 

CMUT source at the far field ( r >> R ) is given using Equation 3.63 [48]. 

Where p  is the total acoustic pressure, 𝑣 is the membrane velocity, 𝑥 is the membrane 

deflection, 𝜌 is the membrane density, 𝑘 is the wave number, 𝑅 is the membrane radius, 

𝑐 is the speed of sound, and 𝑟 is the axial distance. 

From Equation 3.63, the acoustic pressure of a vibrating CMUT device is shown 

to be directly proportional to the membrane deflection. Therefore, the significant real 

impedance change of the CMUT devices, resulting from the increased membrane 

deflection with DC bias, results an increased acoustic power.  

Moreover, the transducer’s behaviour over a wider frequency range can be 

investigated from Figure 5.6. It was observed that a CMUT offered a large change in 

the real impedance at or close to the resonant frequency which suggests a better 

performance at the resonant frequency in terms of acoustic power.  
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 The impedance measurement was also conducted on the Design-B CMUT 

array to compare the performance with that of Design-A using the same experimental 

setup. The value of the real impedance was found to be maximum at the resonant 

frequency and that value was determined using the real impedance plot for both Design-

A and Design-B devices. The maximum real impedances as a function of DC bias for 

both designs are shown in Figure 5.8.    

 

Figure 5.8. Maximum real part of impedance as a function of DC bias of two 1-D 

arrays (Design-A and Design-B). Each array consists of 22 devices and each device 

had a membrane of 40 µm radius.  

It can be seen in Figure 5.8 that Design-B devices show a noticeably higher real 

part of impedance than that of Design-A. As mentioned in this section, the higher 

membrane deflection results a higher real part of impedance. Hence, Design-B 

membranes experienced a higher deflection than that of Design-A.  
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In addition, Design-A had a nitride layer between two electrodes that was shown 

previously in Figure 5.1. This nitride layer introduces an additional series capacitance 

along with the membrane capacitance. Therefore, at a given bias, some of the voltage 

is dropped across the nitride layer, reducing the electric field, and hence reducing the 

force on the membrane. For Design-B, that does not have the nitride layer, the field, 

and therefore the force is greater. As such, for a given bias, the membrane of Design-B 

deflects more than that of Design-A and thus produces more power.  

Due to the absence of an additional series capacitance (as discussed in Section 

5.1.2), Design-B devices show higher capacitance for a given bias, as a result higher 

real part of impedance and therefore higher acoustic power. Based on the measurements 

performed on Design-A and Design-B devices, the Design-B transducer would produce 

a higher acoustic power, at a given voltage, than would Design-A.  

It was also found that when the applied voltage exceeded a certain voltage 

known as the “collapse voltage” (see Section 3.3), the membrane of Design-B collapsed 

on the bottom electrode and it was a non-reversible operation. In contrast, Design-A 

CMUTs could withstand a higher electric field and returned to its resting position after 

lowering the applied voltage. The voltage range for safe and proper transducer 

operation was investigated and is discussed in the next section.  

5.1.4 Collapse Voltage Measurement 

As mentioned in Section 3.3, when the electrostatic force is greater than the 

opposing membrane restoring force, the device becomes unstable. The membrane 

deflection increases continuously untill it touches the bottom electrode, as the opposing 
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force is lower than the electrostatic force. It was derived in Equation 3.13 and 3.14, for 

voltages greater than the collapse voltage, the membrane deflects more than one third 

of the gap height and as a result the membrane collapses onto the substrate. Typically, 

at the collapse voltage, the resonance of the membrane becomes unstable. The 

measurement of the resonant frequency, whether through the impedance or capacitance 

measurements, will show a sudden change in the shape of the curve close to the 

resonance. Therefore,  it is cruicial to determine  the collapse voltage, since operating 

biases below that point will allow for safe and proper operation of the transducer. For 

the collapse voltage measurement, the voltage between the membrane and the substrate 

was increased untill this istability was noticed through a sudden change in the shape of 

the resonance curve.  

 

Figure 5.9. Collapse voltage measurement from a real impedance plot of a 50 µm 

radius membrane. 
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As the DC bias was increased, the resonance peak shifted to lower frequencies 

due to the spring softening effect (see Section 3.5). At about 90 V, an abrupt shift in the 

resonance curve is observed in Figure 5.9 which means that the CMUT membrane (50 

µm radius) is approaching the collapse point. If a membrane is driven close to its 

collapse point, the frequency response becomes asymmetric, giving a low Q factor.  

The collapse voltage of a CMUT device with 60 µm radius was also measured 

and found to be 65 V. Collapse voltage of other devices, with radius < 50 µm, were not 

determined using this method as their collapse voltages were greater than the highest 

DC voltage limit supported by the bias-T. 

5.1.5 Spring Softening Effect 

When a DC bias applied on a CMUT membrane is increased, the electrostatic 

force pulls the top membrane closer to the bottom electrode. As the membranes get 

closer to the bottom electrode, the electrostatic force increases further. This greater 

electrostatic force causes the membrane to vibrate more in downward direction. Due to 

this nonlinear increase in the electrostatic force, the membrane spring constant 

decreases and the resonant frequency shifts to lower value. This phenomenon is known 

as the “spring softening effect”. 

It was shown previously in Figure 3.4 that the resonant frequency shifts to lower 

value because of the decreased spring softening coefficient which is a result of 

increased membrane deflection. To investigate this spring softening phenomenon, the 

applied DC bias was increased from 0V to 90V with a 5V step size. The resonant 
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frequency shift of two 1-D arrays (Design-A and Design-B) as a function of DC bias is 

illustrated in Figure 5.10. 

 

Figure 5.10. The resonant frequency shift of Design-A and Design-B 1-D CMUT 

arrays as a function of DC bias. A 50 mV AC voltage was superimposed on the DC 

bias. 

The resonant frequency was extracted at the maximum real part of impedance 

from the real impedance plot in Figure 5.6. Both Design-A and Design-B transducers 

showed a quadratic frequency shift to lower values with increasing voltage, which 

agrees with the theoretical spring softening phenomenon.  

The resonant frequency shift for Design-A (157 kHz at 90V) was found to be 

less than that for Design-B (192 kHz at 90V). As shown in Equation 3.44, the resonant 

frequency shifts linearly with the spring softening coefficient. As such, the larger 

frequency shift occurs due to the greater membrane deflection. Therefore, the Design-

B transducers exhibited a larger frequency shift as a result of their greater membrane 

deflection relative to Design-A.   
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 Optical Characterization 

The optical characterization of CMUT devices designed by the author and 

described in this work, was performed by Arezoo Emadi (a post-doctoral fellow, 

University of Manitoba), using a Polytec Micro System Analyzer (MSA-500) at the 

University of British Columbia. In this system, a laser Doppler vibrometer (LDV) 

measures the surface vibration of an object by detecting the Doppler shift of a laser. 

When a wave is reflected from a moving surface, the frequency of the wave shifts, 

which is known as the Doppler effect and the shift may be expressed as 

The velocity of a vibrating membrane can be found by the Doppler shift and the 

frequency at which the membrane is operating. Different structural vibration modes of 

a CMUT membrane can also be visualized using a microscope integrated with the laser 

Doppler vibrometer.  

5.2.1 Surface Deflection Measurement 

 The experimental setup for optical characterization is shown in Figure 5.11. 

The micro system analyzer (MSA) unit consisted of a data management system, a 

junction box, a vibrometer that provides a laser source and a vibrometer controller. The 

displacement of the CMUT devices was measured with a 1 V ac voltage signal 

superimposed on 9 V DC bias and the frequency was swept from 0-20 MHz with a 3.1 

kHz step size.  

𝑓𝐷 = 2 ∗
velocity of the surface 

wavelength 
 

5.2 
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Figure 5.11. Front view of the experimental set-up showing a packaged chip, laser 

source, microscope, scanning mirror, and laser feed. 

Figure 5.12. Frequency response of a single CMUT with 40 µm membrane radius.  A 

1V AC voltage is superimposed on 9V DC bias. 

The displacement profile obtained from the vibrometer measurement of a 40 

µm membrane radius is shown as a function of frequency in Figure 5.12. There are 

three vibration modes shown in the data where the fundamental (0,1) resonant mode 
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occurred at 5.5 MHz at which a higher deflection was observed. The membrane in the 

fundamental mode vibrates like a monopole source and emits the sound wave most 

efficiently. The (1,1) mode at 10.68 MHz and the (0,3) mode at 15.02 MHz can also be 

seen in the figure, where the deflection is much smaller than the fundamental (0,1) 

mode. The displacement profiles of other single devices and 1-D arrays were also 

measured using the same experimental setup.   

The resonant frequencies of single devices and 1-D arrays were determined 

using the surface displacement profile (see Figure 5.12), when the membrane 

displacement was at its maximum. The resonant frequencies were also extracted from 

the electrical measurement data using the real impedance plot (see Section 5.1.3 and 

Figure 5.6). The resonant frequency using the laser Doppler vibrometer (LDV) was 

compared with that from the electrical measurement and was found to be in good 

agreement, which is shown in Figure 5.13.    

 

Figure 5.13. Comparison between the optically measured and electrically measured 

resonant frequencies of different sizes CMUT devices. 
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5.2.2 Vibration Modes and Resonant Frequency 

The Micro System Analyzer provides a 3-D visualization of structural 

vibrations using the integrated microscope. For visualization of different vibration 

modes, the CMUT devices were actuated with 9 V DC bias and a 1 V ac voltage signal 

was superimposed on it. 

 

 

 

 

 

    

Figure 5.14. (a) (0,1) mode vibrating at 3.284 MHz (b) (0,3) mode vibrating at 10.684 

MHz of a single device (Design-B) with 50 µm membrane radius and (c) (0,1) mode 

vibrating at 15.52 MHz of a 1-D array (Design-A) with 22 membranes, with each 

membrane 40 µm radius (a small portion of the array is shown here). 

The vibration profile of a single device (50 µm radius, Design-B) is shown in 

Figure 5.14 (a) and (b), where the (0,1) mode vibrating at 3.28 MHz and the (0,3) mode 

vibrating at 10.684 MHz can be seen. The (0,1) vibration mode a 1-D array (40 µm 

membrane radius, Design-A) is also shown in Figure 5.14 (c). It can be seen from Figure 

(c)                               

 

 

  

(a)                                  (b) 
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5.14 that the CMUT device, operating at its fundamental (0,1) resonant mode, behaves 

like a monopole source, would offer significantly higher displacement (Figure 5.12) 

and therefore would produce a higher acoustic pressure. 
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: Acoustic Characterization of CMUTs 

In order to demonstrate the capability of a CMUT device to produce an acoustic 

pressure wave in response to an electrical signal, two sets of acoustic experiments were 

performed. In those experiments, the fabricated CMUT device was used as the 

transmitter and a commercial air transducer was used as the receiver. The measured 

acoustic signals were analyzed and are shown and discussed in this chapter.  

 Pitch-Catch Acoustic Experiment Setup 

A “pitch-catch” measurement was performed for the acoustic characterization 

of the CMUT devices. In a “pitch-catch” measurement, one device “pitches” (transmits) 

and a second device “catches” (receives). In this experiment, a CMUT array (Design-

A) was used as the transmitter and a MicroacousticsTM BAT-1 (Broadband Air-coupled 

Transducer-1) air transducer was used as the receiver. This experiment was performed 

in the department of Physics and Astronomy at the University of Manitoba. The CMUT 

array was made of 22 circular membranes; each membrane had a radius of 40 µm. The 

array was operated at various bias ranging from 65-90 V. Two different types of ac 

voltage signals, burst and pulse, which will be explained later, were superimposed on 

the DC bias. A custom designed bias-T was used to mix the DC and ac voltages and 

that were then applied to the CMUT. A block diagram, showing the transmitter and the 

detector biasing configuration, is shown in Figure 6.1.  

The CMUT, which was on a test fixture, was mounted on a XYZ positioner and 

the detector was positioned on a linear motion stage. The BAT detector was biased 

using a trans-impedance preamplifier Q-AmpTM. The experimental setup, shown in 
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Figure 6.2, illustrates the side view of the detector, and the CMUT transmitter in a test 

fixture. The signal, detected by the BAT transducer, was amplified using a preamplifier 

and then recorded with a high speed oscilloscope.   

 

Figure 6.1. Block diagram of the transmitter and the receiver biasing configuration. 

 

Figure 6.2. The side view of the experimental setup showing the detector and the 

CMUT transmitter.  

6.1.1 Burst Signal Excitation 

In the burst signal transmission measurement, the CMUT array was biased with 

a DC voltage at 65 V, 75 V, and 85 V respectively using a Keithly 237 high voltage 



81 

 

source. A 5 cycle 10 Vp-p sinusoidal burst signal at 1MHz was applied on top of the DC 

bias using an Agilent 33120A Signal generator. The mixed DC/ac burst signal was then 

applied to the CMUT. The burst repetition frequency was 1 kHz. The detector 

bandwidth was between 40 kHz and 2.25 MHz.   

The CMUT device generated an acoustic signal in response to an applied 

electrical signal and transmitted that signal into the air. The receiver, which was 

positioned at ~9 mm in front of the CMUT, detected the generated acoustic signal and 

is shown in Figure 6.3. The CMUT was operated at VDC=85 V and VAC=10 Vp-p at 1 

MHz. 

 

Figure 6.3. The signal received by the BAT-1 air transducer in response to a 10 Vp-p, 5 

cycle sinusoidal burst signal with a 85 V DC bias applied to the CMUT. The CMUT 

consisted of 22 devices with each having 40 µm radius membrane. The enlargement 

of the first received signal is shown inset.  

First received signal  Second received signal  
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The time delay between the input burst signal being applied to the CMUT device 

and the first received signal was found to be ~26.5 µs. Using the speed of sound as 343 

m/s [55] and the measured propagation time (~26.5 µs) of the generated ultrasound, the 

separation between the CMUT and the detector was found to be ~9.08 mm, which is 

close to the actual distance (~9 mm). The second signal was received at ~1028 µs which 

also agrees with the distance with 1 KHz burst repetition frequency. The experimental 

results demonstrated that the fabricated CMUTs can successfully produce acoustic 

signals in response to a burst signal.   

However, it is also important to investigate the CMUT’s capability to produce 

an acoustic signal using a lower voltage pulse excitation. In the next section, a “pitch-

catch” measurement using a pulse excitation is described and discussed.       

6.1.2 Pulse Excitation 

In the pulse transmission measurement, the same CMUT device that was used 

for the burst measurement was biased at 90 V. A 500 ns, 10 V unipolar pulse with 1 

kHz pulse repetition frequency was applied using a TGA 1244 Arbitrary waveform 

generator. The pulse excited the membrane and produced an acoustic signal which was 

then measured by the BAT transducer and is shown in Figure 6.4.  
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Figure 6.4. The output acoustic signal received by the BAT-1 transducer when a 500 

ns, 10 V unipolar pulse on VDC = 90 V was applied to the CMUT. The enlargement of 

the first received signal is shown inset.  

The propagation time of the acoustic signal was found to be ~26.5 µs. The 

propagation time (~26.5 µs) and the separation distance (~9 mm) corresponds to the 

speed of sound as 339 m/s which is close to the typical speed of sound at room 

temperature (343 m/s) [55]. 

The received signal has significant background noise. Due to the impedance 

mismatch between the CMUT and air, a substantial portion of the signal is reflected. 

Acoustic impedance mismatch means a difference in acoustic impedances between two 

mediums which causes a significant signal loss at the interface. However, this 

experiment still successfully verified that even in a pulse mode, the CMUTs response 

can be measured.  

First received signal  Second received signal  
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 Attenuation of the Received Signal: 

Attenuation refers to a loss of a signal amplitude through a medium over a 

distance. In most cases, the attenuation is caused in the form of scattering and 

absorption. Scattering of a wave happens when colliding with some objects and the 

wave is redistributed in all directions. Absorption refers to the sound wave being 

absorbed by any object or by air. In order to investigate the attenuation of the generated 

acoustic signal with distance, the air transducer mounted on a linear motion stage was 

moved manually from the CMUT. The applied bias to the CMUT was 85 V DC with a 

5 cycle 10 Vp-p sinusoidal burst signal at 1MHz.  The detected acoustic signals as a 

function of the axial distance is shown in Figure 6.5. 

Figure 6.5. The reduction of the received signal amplitude with distance, of a CMUT 

array biased at VDC=85 V and VAC=10 Vp-p. 
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As expected, the signal amplitude dropped with increasing distance, shown in 

Figure 6.5. The attenuation of the received signal was likely substantially due to the 

acoustic impedance mismatch between the air and the CMUT membrane. In ultrasonic 

imaging, the acoustic impedance of the transmitter and the outside medium ideally 

should be perfectly matched in order to minimize the signal reflection. The impedance 

of the CMUT devices, reported by Ergun et al. [10], which was ~1.5 ([Kg/(m2.s)]*106), 

was found to be much higher than the air impedance (0.0004 [Kg/(m2.s)]*106). The 

impedance of air can be found by the product of the density of air and the speed of 

sound. 

The acoustic signals were measured for various combinations of DC and ac 

voltages. A 5 cycle sinusoidal burst signal at 1 MHz was applied with the DC bias. The 

received signals under these bias conditions are illustrated in Figure 6.6. Each data point 

in Figure 6.6 represents an average peak to peak signal, obtained from averaging all the 

peaks of each signal data. The error bar of each signal was calculated by taking into 

account the difference between the peak and the average data of each signal. It can be 

seen that the signal amplitude significantly increases with an increased ac voltage; 

while the signal amplitude also increases with increasing DC bias, but the effect appears 

less than that with increasing ac signal. The data shown in Figure 6.6 can be verified by 

the theoretical dynamic behavior of a CMUT model (see Section 3.4) which is repeated 

here for the reader’s convenience. 
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where ACDC
F

 is the total force acting on the membrane due to applied ac and DC bias, 

  is the dielectric permittivity of free space, A is the membrane area, )( tV is the total 

voltage applied, 0
d is the initial gap height and x is the vertical membrane displacement 

under an applied bias. 

 

Figure 6.6. The received signal amplitude as a function of various DC biases with 

VAC=5 V and VAC=10 V.  

From Equation 6.1, an applied DC bias increases the device sensitivity by 

pulling the membrane toward the substrate and an ac signal causes the vibration of the 

membrane and produces an acoustic wave. This theoretical dynamic behavior is clearly 
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observed in the experimental data, shown in Figure 6.6, where the higher vibration 

amplitude was the result of the higher ac voltages.   

Conventionally the CMUT devices are operated at or close to the resonant 

frequency to get maximum deflection, which in turn produces maximum acoustic 

power. The CMUTs were operated at a frequency (1 MHz) which was far from the 

device resonant frequency (5.5 MHz). Even though the CMUT was operated well below 

its resonant frequency, it still produced a sufficient acoustic signal that could be 

detected. The maximum applied DC bias (85 V) was also well below the theoretical 

collapse voltage (~129 V) of that device. The signal intensity would increase 

substantially if the CMUTs were biased closer to the collapse voltage.  

 Attenuation Coefficient Measurement  

Attenuation is an important parameter in ultrasound applications as it 

determines the amount of signal amplitude reduction with distance. The decay of 

acoustic signal intensity with distance can be expressed, in its simplest form, by the 

equation [52] 

where 𝑥 is the propagation distance,  𝐼 is the signal amplitude propagate at position 𝑥 

distance, 𝐼0is the initial signal amplitude at the source, 𝑥 = 0, 𝛼 is the attenuation 

coefficient of the medium.   

The attenuation coefficient in a particular medium at room temperature can be 

calculated using the Stokes law and is given by [52] 

𝐼𝑥 = 𝐼0𝑒−𝛼𝑥, 6.2 
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where 𝜔 = 2𝜋𝑓 is the angular frequency, 𝜂 is the dynamic viscosity, 𝜌 is the density of 

the medium, and 𝑐 is the speed of sound in that medium. Typically the attenuation 

coefficient is measured in m-1. 

Acoustic signals were also measured at different distances using the BAT-1 

transducer and the experimental set-up described in Section 6.1. The measured peak to 

peak signal intensity, 𝐼𝑥 was then plotted as a function of distance 𝑥 (see Figure 6.7). 

The error bar of each signal was found by the difference between the peak and the 

average data of each signal. 

 

Figure 6.7.  The measured peak to peak signal amplitude as a function of distance, while 

the transmitting CMUT was biased at VDC=85V and VAC=10Vp-p burst signal at 1 MHz. 
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In order to determine the attenuation coefficient, from Figure 6.7, the logarithm 

of the received signal amplitude is plotted as a function of distance. A linear fitted curve 

was also plotted to find the slope of the data and to find the “goodness” of the data to 

the fitted line. 

 

Figure 6.8. Logarithmic peak to peak signal amplitude decrease as a function of 

distance for a CMUT biased at 85 V DC and a 10 Vp-p, 5 cycle sinusoidal burst ac 

signal at 1 MHz was applied on it.  

The correlation coefficient, r2, is a statistical measure that tells how close the 

data are to the fitted line. The r2 value was found to be 0.74 as shown in Figure 6.8. 

While the r2 value for the data in Figure 6.8 is not good, the correlation coefficient for 

Ix as a function of x (Figure 6.7) was found to be even lower at 0.68. The slightly better 

fit from the log-linear plot using these data can be used to extract the attenuation 

coefficient, α.   
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The slope of 𝑙𝑛(𝐼𝑥) (i.e. the rate of signal decay) gave a value of attenuation 

coefficient of 25 m-1. The theoretical attenuation coefficient, using Stoke’s law was 

calculated as ~9 m-1. The parameter values [55], used for calculating attenuation 

coefficient using Equation 6.3, are listed in Table 6.1.  

Table 6.1. Parameter used for theoretical attenuation coefficient calculation. 

Symbol Expression Value 

𝑓 Frequency 1 MHz 

𝜂 Dynamic viscosity at room 

temperature, 200 C 

~1.81*10-5 kg/m.s [55] 

𝜌 Density of the medium 1.00 kg/m3 

𝑐 Speed of sound 343 m/s 

 Room temperature 200 C 

This discrepancy between the extracted and the calculated value is still 

unknown. There are several possible explanations for this difference. These could 

include a slight misalignment of the detector’s position, or angle which could be 

coupled into the uncertainty in the CMUTs beam directivity pattern (see Section 3.8.2).  

While not explicitly measured, the temperature variations due to heat from the 

nearby equipment may also have an effect in signal detection. An increase in room 

temperature from 180 C to 250 C causes an increase of ~3.5% in the air viscosity [55]. 

The effect on the calculated attenuation coefficient, Equation 6.3, is an increase of 

~19%, using the data from [55]. The air viscosity change and hence the attenuation 

coefficient change due to an increase in room temperature might be a significant 

contribution to the discrepancy between the value of the attenuation coefficient 

calculated from the slope of Figure 6.8 and that calculated from theory. A standard, 

room temperature of 200 C was assumed in all measurements and analysis.   



91 

 

 : Conclusions and Future Work 

 Conclusions    

In this work, several single and 1-D array CMUT devices were designed based 

on the COMSOL finite element simulations and were fabricated using a PolyMUMPs 

fabrication technology. Electrical measurements were performed to demonstrate the 

basic functionality of those devices through capacitance and electrical impedance 

measurements. The measured capacitance and impedance were found to increase with 

increasing bias voltage, which was a direct result of increasing membrane deflection. 

The reduction of the effective gap height due to that increased membrane deflection 

caused an increase in the electrostatic force and the resultant force was found to soften 

the membrane stiffness. As a result of this spring softening effect, a decrease in the 

device resonant frequency was observed, which also indicates a larger membrane 

displacement and in turn enhances the transducer performance.  

The collapse voltage of some of the devices was measured to establish the 

transducer’s stable operating point. Electrical impedance measurements at various bias 

conditions were performed to discover this operating point.        

Optical measurements were conducted to measure the deflection profiles of 

CMUT devices at different resonant frequency modes, using a Polytech Micro System 

Analyzer. The resonant frequency, measured using this optical measurement, was 

found to be in good agreement when compared with that derived from the electrical 

measurement.   
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Acoustic measurements were performed to demonstrate the capability of the 

CMUT to produce an acoustic signal. It was found that the CMUT produced a sufficient 

acoustic signal that could be detected, even though it was operated well below its 

resonant frequency. These experimental results confirm that this CMUT can potentially 

be used as an ultrasonic transducer. 

 Suggested Future Works 

Although the experimental results demonstrated the transmission operation of 

the CMUTs, to implement the device as a “transducer”, the receiving operation also 

needs to be investigated. In the receiving operation, an incoming ultrasound causes a 

membrane to vibrate, resulting a change in the device capacitance that could be detected 

through the measurement of a displacement current.   

As the output power would scale with the number of devices, large CMUT 

arrays (1-D and 2-D) could also be fabricated and tested as increased output power 

should lead to an improved image quality for ultrasonic imaging applications.  
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