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1 Executive summary 

Europe is at the forefront of the development of the MEMS ultrasound transducers. In 
this white paper, we summarized the results of a unique Pan-European benchmarking 
(ref 1) of Micromachined Ultrasonic Transducers (MUTs). The following European 
companies and institutes with development programs in CMUT and PMUT technology 
participated in this benchmark: CEA Leti, Fraunhofer Institute for Photonic Microsystems 
(Fraunhofer IPMS), Imec, Kessler Foundation for Research (FBK), Philips, Roma Tre 
University, Silex Microsystems AB, Vermon and VTT Technical Research Centre of 
Finland. 
 
In order to benchmark the MEMS ultrasonic transducers, a set of standard test devices 
have been defined. Furthermore, common test protocols have been specified and all 
CMUT and PMUT test structures were characterized using the same air-coupled 
impedance and acoustic measurement set-ups. Finally, relevant performance 
parameters have been extracted from the obtained measurement results to provide 
insights into the available CMUT and PMUT technologies. The benchmark outcome was 
used to map the different device technologies on the most relevant medical applications, 
such as echocardiography, gynecology, vascular, intracardiac echocardiography, 
intravascular ultrasound, ablation, and wearables. 
 
The overall results of the benchmark are: 

¶ There is a difference in the maturity level of CMUT and PMUT technologies. 
While some partners have more than ten years of experience designing MEMS 
ultrasonic transducers for various clinical applications, others are doing this for 
the first time. CMUT technologies are more mature at this moment. 

¶ The most mature conventional and collapse-mode CMUTs showed the best 
overall acoustical performance and demonstrated comparable round-trip 
sensitivity. Collapse-mode CMUTs achieve higher transmit pressure, while the 
best conventional CMUTs have a higher receive sensitivity.  

¶ CMUTs demonstrated a higher bandwidth compared to PMUTs in this 
benchmark. The higher bandwidth is due to the membrane design freedom that 
CMUT technologies offer. This is particularly beneficial for high-frequency 
medical applications. 

¶ PZT-PMUTs show a maximum transmit pressure that is comparable with 
collapse-mode CMUTs. This high transmit pressure is achieved with a lower 
radio frequency (RF) driving voltage. Furthermore, this technology demonstrates 
the best linearity and the lowest harmonic distortion level.  

¶ PMUTs require no (ScAlN and AlN-PMUT) or low operational bias voltage 
(polymer and PZT-PMUT). Furthermore, at lower RF voltages, PZT-PMUTs 
achieve a transmit pressure comparable to the best performing collapse-mode 
CMUTs. 
 

The most mature CMUT technologies are at the level that they can be used in most 
clinical applications. The main reason for that is due to their maximal pressure, receive 
sensitivity, and very high bandwidth. High bandwidth CMUTs are interesting since it 
leads to a high ultrasound imaging resolution. PZT-PMUTs show the potential to be used 
for therapeutic applications. If this technology is further matured and receive sensitivity 
is optimized, it has the potential to cover a wider range of diagnostic applications. ScAlN 
and AlN-PMUTs contain no lead, require no DC bias and are therefore very attractive 
for medical implant and patch applications. With ScAlN-PMUTs it is possible to achieve 
higher coupling coefficients than AlN-PMUTs. If both the process and the orientation of 
the polycrystalline material are further improved, ScAlN may become very attractive for 
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those medical applications. Other PMUT technologies need to be further matured to be 
used for ultrasound imaging or therapy applications.  
 
Due to their individual characteristics and strength, CMUTs and PMUTs will continue to 
coexist populating their application areas. Both technologies use semiconductor 
fabrication technologies and therefore are better suited for miniaturization, integration, 
and low-cost high-volume production than the state-of-the-art technology based on bulk 
ceramic piezoelectric materials. 
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2 Introduction 

Todayôs ultrasonic transducers for medical imaging are dominantly based on poly- or 
single-crystalline piezoelectric ceramics and composites. These piezoelectric materials 
became the reference for medical imaging because of their high dielectric constant and 
high electromechanical coupling coefficient. Piezoelectric ceramics require high-
precision mechanical dicing into individual transducer elements making it expensive, 
especially for the fabrication of 2D arrays for 3D imaging in large consumer-size volumes 
and manufacture highly miniaturized and high-frequency transducers for use in ICE and 
IVUS catheters. On the other hand, MUTs can be manufactured using standard 
microfabrication technologies thus significantly reducing the costly assembly steps 
needed for conventional piezoelectric and enabling miniaturization and high-frequency 
broadband operation.  
 
Medical ultrasound uses high-frequency sound pulses to produce images of anatomical 
structures. Even then, MEMS-based ultrasonic transducers will co-exist with 
piezoelectric transducers, since all these technologies have their advantages in various 
clinical and medical applications.  
 
The medical ultrasound application field for ultrasonic transducers is vast. It covers low 
frequency ultrasound (< 3 MHz) for diagnostics and ablation, medium frequency 
ultrasound (3-10 MHz) for shallow on-body diagnostics and TEE, and high frequency 
(>10MHz) for in-body coronary applications such as ICE and IVUS (see Table 1). 
 
Table 1  Examples of ultrasonic transducers used for diagnostic and interventional imaging, and therapy. 

Low frequency       Medium frequency                High frequency 

 
   

  
 

 

Echocardio-
graphy 

Abdominal Therapeutic Gynaecology TEE Vascular ICE IVUS 

1-5  
MHz 

2-5  
MHz 

4-8  
MHz 

5-10  
MHz 

5-10  
MHz 

5-15  
MHz 

5-20 
MHz 

20-50 
MHz 

 
In the context of medical ultrasound applications, MEMS ultrasonic transducers are 
particularly attractive as they allow for on-body and in-body radiation-free operation 
together with low production cost, making them potentially appropriate for consumer-
size markets. Since the field of MEMS ultrasonic transducers is relatively new and still 
developing, the most suitable application for each technology cannot yet be identified. 
Furthermore, there is not even a clear consensus on the best way to characterize these 
ultrasonic transducers and how to objectively compare the different MUT technologies. 
In the POSITION-II project, CEA Leti, Fraunhofer IPMS, Imec, Kessler Foundation for 
Research (FBK), Philips, Roma Tre University, Silex Microsystems AB, Vermon, and 
VTT Technical Research Centre of Finland, which develop different types of MUTs, 
collaborated on developing and performing this benchmark.  
 
The approach for the MEMS ultrasonic transducer benchmark consists of four pillars. In 
the first step, the consortium specified a standard set of test devices with specified 
aperture, frequencies, elevation length, and element pitch for the test structures. Two 
different benchmarking specifications were defined, resulting in low frequency and 
higher frequency test devices. Furthermore, benchmark protocols have been defined 
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that consist of the measurement methods, to obtain the desired quantities, and the 
analysis methods to translate the measured quantities into general application-related 
performance characteristics. In the second step, the test structures were manufactured 
in the different CMUT and PMUT technologies of the project partners according to the 
test device specifications. In a third step, the common driving electronics, air-coupled 
impedance, and acoustic measurement set-ups have been completed in order to 
properly execute the measurements defined in the first step. Furthermore, all available 
CMUT and PMUT test structures were characterized using the same measurement set-
ups under identical circumstances. Finally, the results were evaluated and mapped to 
the application space. The outcome of the benchmark was used to provide a better 
understanding of the performance differences of the different MUT technologies in 
relation to different clinical applications.  
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3 PMUT/CMUT technologies and manufacturing 
approaches 

3.1 Introduction to MUT technologies 

A MUT consists of a thin membrane suspended above a cavity. There are two main 
types of MUTs, which differ in the transduction mechanism: Capacitive Micromachined 
Ultrasonic Transducers (CMUT) are based on the electrostatic effect, while Piezoelectric 
Micromachined Ultrasonic Transducers (PMUT) rely on the piezoelectric effect, see 
Figure 1 (ref 2). 
 
While traditional piezoelectric transducers are based on the thickness-mode vibration of 
bulk piezoelectric material or composite, MUT membranes vibrate in flexural mode, 
resulting in a much lower mechanical impedance. As a result, MUTs are intrinsically 
better acoustically matched to biological tissue and do not require the use of matching 
layers typically employed in traditional transducers to achieve broadband operation.  
 

 
 
Figure 1  Ultrasound transducer technologies. 

 
3.1.1 CMUT 
In a CMUT the vibrating membrane includes a conductive layer, which may be a metallic 
layer or a doped silicon layer. A conductive substrate acts as the bottom electrode. When 
a DC voltage is applied over these two electrodes, an electric field is generated inside 
the cavity, so that the top plate is attracted towards the substrate by an electrostatic 
force. Driving the CMUT with an AC voltage sets the membrane into vibration and 
acoustic waves are generated in the surrounding medium. This mechanism also works 
oppositely. An acoustic wave causing the membrane to vibrate results in a capacitance 
variation, which is then converted in a variable voltage and/or current under electrical 
biasing of the CMUT. Efficient and stable electro-mechanical transduction requires 
generating and maintaining high electric fields in the gap. The key point to generating 
high acoustic pressures is to maintain large electric fields in the gap. The operating 
frequency is determined by the dimensions, shape and mechanical properties of the 
membrane. In collapse mode CMUTs, the cells are designed such that part of the 
(electrically isolated) membrane is in physical contact with the substrate during normal 
operation. 
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3.1.2 PMUT 
In a PMUT, the vibrating element consists of a multi-layer structure comprising a 
piezoelectric thin-film layer metalized on both sides and coupled to an elastic membrane 
suspended over a cavity. Typically this structure covers part of the membrane. If an AC 
voltage is applied across the electrodes, an electrical field is generated in the thin-film 
piezoelectric layer, typically AlN or PZT, which results in stress in the membrane due to 
the piezoelectric effect. This stress relaxes into a vertical movement of the clamped 
membrane and thereby generates acoustic waves in the surrounding medium. Vice 
versa, the piezoelectric effect can also be used to detect acoustic waves impinging on 
the membrane. 

3.2 MEMS ultrasound revolution 

Traditional 2D ultrasound images are made using a transducer probe consisting of a row 
of piezoelectric ceramic (or composite) ultrasound transducers that are organized in a 
1D linear array. By pulsing the transducers with a proper phase delay, it is possible to 
scan an ultrasound beam in one plane resulting in the familiar cross-sectional images. 
Two developments have stimulated the research into MEMS ultrasound transducers as 
a replacement for piezoelectric ceramic transducers. 
 
The first development is the trend towards 3D imaging for handheld probes. 3D images 
require an ultrasound beam that can be steered to scan a volume rather than a plane. 
For this, a 2D array of ultrasound transducers is needed in which all pixels can be 
addressed individually with the proper phase delay. State-of-the-art transducers arrays 
consist of 100 x 100 = 10,000 pixels (ref 3). This poses an enormous interconnection 
problem. At the moment these 2D arrays are made by solder bumping a slab of 
piezoelectric ceramic material onto a complex ASIC. After soldering, the individual pixels 
are separated by dicing. All in all, this is a complex, manual labor-intensive, and thus 
expensive process. MEMS transducers that can be directly processed on top of the 
ASIC, or soldered directly on top of the ASIC using TSV technology offer great benefits 
here. 
 
The second development that has stimulated the development of MEMS ultrasonic 
transducers is the increasing demand for in-body ultrasound imaging. MEMS 
transducers have a natural advantage here as they can be much smaller than traditional 
ceramic transducers while scaling to volume production is straightforward. The flexibility 
of fabricating MEMS transducer arrays of complex shapes (e.g. circular disks, annular 
arrays) facilitates the realization of ultrasound imaging catheters that can be placed on 
the tip of the instrument for forward viewing capability. Additionally, it is relatively easy 
to scale the devices to higher ultrasound frequencies, see Figure 2 (ref 4). The reason 
for this is that in conventional ceramic transducers the operating frequency scales with 
the thickness of the ceramic piezoelectric material: the higher the frequency, the thinner 
the material. For high frequencies, this results in slabs of material that are too thin to be 
handled. In MEMS transducers, on the other hand, the operating frequency is simply 
determined by geometrical dimensions and the thickness of deposited layers. 
 
A comparison of MEMS-based ultrasonic transducers with bulk piezoelectric ceramic 
transducers is summarized in Table 2. 
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Figure 2  The MEMS ultrasound revolution. 

 
Table 2  Comparison of the characteristics of thick-film piezo transducers, CMUT and PMUT.  

 Thick-film piezo transducer CMUT/PMUT 

DC bias Not required High for CMUT, no or low for PMUT 

Frequency range Typically 1 kHz ς 50 MHz 50 kHz ς 50 MHz 

Electronic 
integration 

Costly, hybrid Cost-effective, monolithic CMUT on 
CMOS, flip chip/TSV 

Manufacturing Mechanical dicing Standard semiconductor processing 

Miniaturization Challenging < 40 µm element size Element diameter 10 ς 400 µm 

Design Limited in element shape. 
More flexible for curved 
transducers 

Arbitrary element shapes. 
Advanced techniques needed for 
curved transducers  

Maturity  > 50 y > 5 y 

 

3.3 Fabrication approaches 

Several microfabrication technologies have been developed by various research groups 
for producing MUT arrays. All MEMS ultrasonic transducers are based on a vibrating 
membrane. Apart from that commonality, MEMS ultrasonic transducers come in many 
flavors, each with its advantages and disadvantages (Figure 3). Relating to membrane 
definition, the two most common approaches for cavity formation are surface 
micromachining and bulk micromachining. Another division is whether high-temperature 
process steps are needed. High-temperature steps can be wafer bonding and/or 
deposition of materials. If monolithic integration is not possible, the MUTs can be 
manufactured as a separate device that is soldered on top of the ASIC by using 
advanced interconnection technologies, e.g. 3D packaging and TSV. 
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Figure 3  MEMS ultrasonic transducers come in many flavors. 

 
3.3.1 Surface micromachining 
In surface micromachining processes, the cavities are defined within a previously 
deposited layer on top of the substrate, via a sacrificial etch or a photolithographic step. 
Typical examples of CMUT and PMUT fabrication using the sacrificial method are shown 
in Figure 4 and Figure 5.  
 
For the CMUT, see Figure 4 (ref 5), starting with depositing a layer of silicon nitride as 
the insulator on a highly doped silicon wafer and etch-stop-layer followed by a sacrificial 
polysilicon layer and patterning (a). Next, another layer of polysilicon is deposited to 
create etch channels for the sacrificial polysilicon etch (b). Afterward, silicon nitride is 
deposited and patterned. This silicon nitride forms the top plate, and the holes create 
access to the sacrificial layer (c). The sacrificial polysilicon is removed via the holes with 
a wet etch (d). The resulting gap is sealed with silicon nitride by low-pressure chemical 
vapor deposition (e). In the final step, aluminum is deposited and patterned to form the 
top electrode and electrical contacts (f). The highly doped wafer can be used as the 
bottom electrode.  
 
For the PMUT, see Figure 5 (ref 6), a silicon layer is doped, and the bottom electrode is 
deposited (a). Then the access holes are etched in the bottom electrode and the 
electrode is patterned (b). The next step is the deposition and patterning of the piezo 
material (c) followed by deposition and patterning of the top electrode (d). The cavity is 
formed by etching the sacrificial layer via the access holes (e, f).  
 

 
Figure 4  Typical example of a sacrificial release process for CMUT  fabrication. 
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Figure 5  Typical example of a sacrificial release process for PMUT fabrication. 

 
The Polymer-PMUTs utilize surface fabrication compatible with flat-panel display 
technologies. First cavities are formed by patterning a photoresist on a glass substrate 
(a). A polyimide membrane is then suspended over the cavities to support the 
piezoelectric stack (b). The formation of a three-layer stack starts with the deposition 
and patterning of the bottom electrode (c), followed by the spin coating of a piezoelectric 
polyvinylidene fluoride P(VDF-TrFE) layer (d), and concluded with the deposition and 
patterning of the top electrode (e) (ref 7). 
 

 
Figure 6 Typical example of a polymer PMUT process flow. 

 
3.3.2 Bulk micromachining 
In bulk micromachining processes, the cavities are formed by silicon vertical etching. A 
common approach to define the membranes in bulk micromachining is to form closed 
cavities by wafer bonding. In its simplified version, a CMUT wafer bonding process starts 
with a silicon wafer and a silicon-on-insulator (SOI) wafer (a, b), see Figure 7 (ref 5). The 
cavity is etched (c) followed by thermal oxidation to grow the insulation layer (d). After 
an RCA clean (a standard set of wafer cleaning steps) and surface activation, the two 
wafers are brought together in a vacuum and annealed at high temperature (~1100°C)  
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to form strong covalent bonds (d). The next step is grinding and etching of the handle 
wafer (e), etching of the buried oxide layer leaving the membrane over the cavities (f) 
and device isolation (g). Alternatively, one may start with a cavity-SOI wafer. This kind 
of wafer already features cavities and suspended membranes and may be directly 
bought from industrial substrate suppliers such as POSITION-II partner Okmetic. This 
eases the fabrication process at the price of some standardization of the device's 
properties. In both cases, the process is finalized by removing the buried oxide (g), 
sputtering metallization (h),  patterning the top electrodes (i), and device isolation. 
 
Wafer bonding is also used also for PMUT fabrication, Figure 7 (ref 6). In this case, the 
piezoelectric stack is formed on top of the membranes of a cavity SOI (C-SOI) wafer. 
 

 
Figure 7  Typical example of a wafer bonding process for CMUT.  

 

Figure 8  Typical example of cavity formation by back etching of the silicon substrate for PMUT. 

3.3.3 MUT devices included in the benchmark 
In the POSITION-II project, CEA Leti, Fraunhofer IPMS, Imec, Kessler Foundation for 
Research (FBK), Philips, Roma Tre University, Silex Microsystems AB, Vermon, and 
VTT Technical Research Centre of Finland are developing different types of MUTs and 
more detailed information about that can be found in the appendix.  Table 3 below gives 
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an overview of some characteristics of the fabrication approach for the MUT devices 
included in the benchmark.  
 
Table 3  Overview of the different devices and manufacturing technologies for each partner included in the 
benchmark. 

Partner MEMS 
transducer 
type 

Cavity 
formation  

Materials 
process  

CMOS 
Compa-
tibility 

Max process 
temperature 
(°C) 

# 
masks 

Starting 
wafer 
type 

Wafer 
size 
(mm) 

CEA-Leti 
Technology 
Research 
Institute 

CMUT 
 
 
AlN-PMUT 

Wafer 
bonding 
 
Wafer 
bonding 

Si membrane 
 
 
Sputtered AlN 

Yes  
 
 
400 

6 
 
 
6 

Si low 
resistivit
y and 
SOI 
Si and 
SOI 

200 

Fraunhofer 
Institute For 
Photonic 
Microsystems 

CMUT Sacrificial 
release 

Sputtered TiAl Yes 400 8 Si 200 

Imec  Polymer-
PMUT 

Cavity etch, 
membrane 
bonding. 

Polymer 
membrane, spin 
coat PVDF. 

No 350 4 Glass 150 

Philips Collapsed-
CMUT 

Sacrificial 
release 

SiN membrane Yes 400 6 Si 200 

Roma Tre 
University/FBK 

CMUT Sacrificial 
release 

SiN membrane Yes 300 7 Si 150 

Silex 
Microsystems 

PZT-PMUT  Sputtered PZT Yes. PZT 
after 
FEOL 

500 5 SOI or 
CSOI 

200 

Vermon AlN-PMUT Sacrificial 
release 

Sputtered AlN Yes 400 9 Si 200 

VTT  AlN-PMUT 
ScAlN-
PMUT 

 Sputtered 
AlN/ScAlN 

Yes 400 4 CSOI 150 
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4 Benchmark approach 

4.1 Introduction 

The main objective of this benchmark is to come to a better understanding of the 
advantages and disadvantages of the different MEMS ultrasonic transducer concepts, 
both from a technology as well as from an application point of view. To achieve this 
objective, eight of the foremost institutes and companies working in this field in Europe 
have agreed to participate in a pan-European technology benchmark (Figure 9). The 
fact that a number of the participants are direct commercial competitors emphasizes the 
importance of such a benchmark. 
 
The MUT devices developed in POSITION-II should have similar specifications in order 
to provide comparable and fair conditions for the benchmark. The common benchmark 
specifications also made sure that all the fabricated devices were compatible with the 
common test protocol and the test setup for benchmarking.  
 
After optimizing the drive conditions such as bias voltage and RF voltage, the following 
measurements were performed: 

¶ air-coupled impedance measurements  

¶ acoustic measurements in water 
 

 
Figure 9  Participants in the pan European MEMS ultrasonic transducer benchmark.  

 

4.2 Test set-ups and protocols 

 
4.2.1 Test devices 
Considering the very broad range of applications that may be addressed by the CMUT 
and PMUT technologies, it has been agreed to focus only on the 1-10 MHz frequency 
range to avoid unmanageable complexity and to ease the measurements. However, 1-
10 MHz is still quite a large frequency range and covers several different applications 
requiring different key performances and technological compromises. Furthermore, 
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electrical and acoustical performances are very dependent on the operating frequency. 
Finally, the level of performance and maturity can vary from partner-to-partner and 
technology-to-technology across this frequency range.  
 
Therefore, it has been agreed to produce two types of devices for benchmarking: low 
frequency (LF) and high frequency (HF) devices. The device specifications are given in 
Table 4. In Figure 10, a sketch of a test device is shown. Each partner has been free to 
select which types of devices they wanted to manufacture. 

 

 
Figure 10 Scheme of the MUT test devices 

Table 4  Parameters defining LF and HF MUT test devices. 

Parameter LF HF 

Center frequency fc [MHz] 2.4 - 3.2 8 

Pitch P [µm] 225 - 315 200 

Elevation E [mm] 12 - 14 5 

Number of elements N [1] 6 - 80 96 

 
4.2.2 Air-coupled impedance measurements 
The measurement of the electrical impedance of a transducer is carried out on a wafer 
level with automatic probing stations. It is performed on single CMUT and PMUT lines 
using Keysight Impedance Analyzer E4990A 20Hz-120MHz (see Figure 11). 
Furthermore, a biasing circuit unit is applied. 
 
The measured electrical impedance Z is fitted using a simplified lumped element 
resonator model shown in Figure 12 and the following information is extracted from the 
impedance measurement results (ref 8): 

¶ capacitances at low CLF and high frequencies CHF [pF] 

¶ electrical resonant fr and anti-resonant frequencies fa of the MUT diaphragms 
[MHz] 

¶ the series resistance Rs [Ý] 

¶ the parallel capacitance Cp [pF] 

¶ the mechanical capacitance Cm [pF] 

¶ electromechanical coupling coefficient Ë  
An example of the curve fitted to the measured electrical impedance Z can be seen in 
Figure 13. 
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Figure 11  Set-up for air-coupled impedance measurements. 

 

 
Figure 12  Lumped element model representing a PMUT / CMUT device. 

Capacitances at low and high frequencies 
Capacitances at low and high frequencies (CLF and CHF respectively) are determined at 
the lowest (100kHz) and highest (40MHz) frequencies of the frequency range set on the 
impedance analyzer, respectively. 
 
Electrical resonant and anti-resonant frequencies 
Electrical resonant (fr) and anti-resonant (fa) frequencies define the minimum of the 
magnitude of the electrical impedance and admittance, respectively (ref 9).  
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Figure 13 An example of impedance measurement and the fitted curve.  

 
Series resistance 
Series resistance Rs is determined at the highest measured frequency (40MHz) of the 
impedance measurement. It is evaluated in a constant region of the real part of the 
impedance. 
 
Parallel capacitance 
Parallel capacitance Cp is equal to the measured CHF. 
 
Equivalent electromechanical parameters 
The equivalent electromechanical parameters represent the PMUT/CMUT device at 
resonance as an electrical equivalent circuit. The equivalent mechanical capacitance Cm 
= CLF - Cp represents the device mechanical compliance and transduction mechanism 
as an electrical capacitor. The equivalent mechanical inductance Lm represents the 
device's effective mass. The equivalent series resistance Rm represents the motional 
losses at resonance. 
 
Electromechanical coupling coefficient 

Electromechanical coupling coefficient Ë describes the efficiency of the transduction. It 
is defined as the ratio between the mechanical energy and the total energy of the device. 
It can be obtained from the electrical resonant and anti-resonant frequencies, or the low 
frequency and high-frequency capacitances (ref 10): 
 

Ë ρ  
Æ

Æ
ρ
#

#
 (1) 

 
4.2.3 Acoustic measurements 
All acoustic measurements were performed using dedicated transmit-receive driving 
electronics with a PCB on which the CMUTs and PMUTs devices are mounted (Figure 
14). The dies under test were wire-bonded so that multiple MUT lines were connected 
in parallel. All dies received the same acoustic window made from about 20 µm PDMS 
and 5 µm Parylene C. For the Polymer-PMUTs, the chosen acoustic window has been 
comparable in thickness and stiffness to the device membrane. Therefore only 700 nm 
of Parylene C was used to enable measurements on these devices. 
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The acoustic transmit and pulse-echo test set-ups are shown in Figure 15-15. The test 
protocols and the extraction of relevant performance parameters are performed 
according to what has been described in related standards (ref 11 and ref 12). For 
example, a transducer and hydrophone positioning system is used whose hydrophone 
alignment procedures follow the description in ref 11. Furthermore, a calibrated PVDF 
membrane hydrophone (ref 13) is applied, the type of which is in the recommended 
hydrophone list in ref 10. The hydrophone has been calibrated up to 30 MHz. The 
oscilloscope output impedance is well matched with the cable impedance.  
 

 
 

a) b) 
Figure 14  a) Transmit-receive driving electronics board with PCB on which device under test is mounted, b) PCB with 
a device under test.  

 

 
Figure 15  The set-up used for acoustic measurements (overview). 

In this benchmark study, statistics over the performance were not determined due to a 
limited number of accessible samples. Instead, the focus of the measurements was to 
properly optimize the test set-ups and collect measurements of all the available 
technologies from each of the partners. Despite the various limitations, partners involved 


















































