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1 Executive summary 

This report is a deliverable of the EU project Moore4Medical. Moore4Medical will 
accelerate innovation in electronic medical devices. The project addresses emerging 
applications and technologies that offer exciting new opportunities for the Electronic 
Components and Systems (ECS) industry. Moore4Medical will focus on the 
development of open and enabling technology platforms. 
The WP4 topic is the development of next generation ultrasound. As part of this work 
package CMUT and PMUT technology platform will be developed to the level that they 
are suitable for on-body (low-frequency) imaging applications with both 1D (2D imaging) 
and 2D matrices (3D imaging). This implies the development of CMUT and PMUT 
microfabrication, new 3D integration schemes and front-end ASICs. This report 
describes the first results: PMUT and CMUT development for low frequency 
applications. This includes the development and optimization of CMUT and PMUT 1D 
arrays, acoustic module, and packaging. The performance of both technologies was 
tested extensively. Both were benchmarked with measurements performed at different 
sites.  
The main contributors in this task are ST Microelectronics and Roma Tre University for 
PMUT and Philips for CMUT. For both technologies good acoustic performance was 
obtained, and first imaging results were promising. The benchmark between both 
technologies showed similar results measured at both sites. The CMUT has better 
receive sensitivity and larger bandwidth and PMUT better transmit sensitivity and lower 
harmonic distortion.  
In the remainder of the project the PMUT and CMUT technologies will be used for 2D 
arrays integrated with ASIC for transmit and receive. 
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2 Introduction 

This document describes the results that are the output of Task 4.2 of the 
Moore4Medical project. The goal of this task is to develop and test low-frequency 
ultrasound transducers that are realized using innovative micromachining techniques, 
intended for medical imaging. Capacitive micromachined ultrasound transducers 
(CMUTs) were realized by Philips, and piezoelectric micromachined ultrasound 
transducers (PMUTs) by ST-I. Testing of both transducer types was performed at Philips 
as well as Roma Tre University. 
In the next sections we will provide background on medical ultrasound, followed by brief 
introductions of the cMUT and pMUT technologies. 
 

2.1 Medical ultrasound transducers 

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 piezoelectric 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 manufacturing of highly miniaturized and high-frequency transducers for use in intra 
cardiac echocardiography (ICE) and intravascular ultrasound (IVUS) catheters. On the 
other hand, micromachined ultrasonic transducers (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.  
 
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 trans esophageal 
echocardiography (TEE), and high frequency (>10 MHz) for in-body coronary 
applications such as ICE and IVUS (see Table 1 [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. To summarize, the main advantages of MEMS ultrasonic transducers are: 
Å High volume production 
Å Eliminate (manual) assembly 
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Å Low-cost platform Ą multiple applications (including consumer market) 
Å Miniaturization Ą catheters 
Å Higher frequencies 
Å 3D imaging compatible 
Å Easier coupling to body 

This report focusses on low frequency ultrasound with centre frequency around 3MHz. 
The foreseen application fields for low frequency MEMS devices will be point of care 
applications with portable hand-held general-purpose probes and soon monitoring with 
patches. There are already many hand-held solutions on the market and an overview is 
shown in Figure 1. Most of those handheld probes are used for multiple imaging 
purposes in the low frequency range (2-8MHz), often with different probes for different 
applications. In this overview the column óscreenô indicates the image quality of the 
handheld probes.  
 

 
Figure 1: comparison of different suppliers of hand-held probes [1]. 

All, except Butterfly, still rely on piezoelectric ceramics. Butterfly uses CMUT on ASIC 
for their hand-held probes [3]. Their main selling point is the ease of use with the help of 
artificial intelligence on the cloud. Another MEMS example is from EXO [2], which uses 
PMUT for a 3D imager with 4096 PMUT pixels. As soon as handheld probes are used 
more often, MUT will gain momentum due to their lower cost and platform use. 
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Figure 2: Examples of ultrasound probes on the market with PMUT and CMUT 

2.2 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 (CMUTs) are based on the electrostatic effect, while piezoelectric 
micromachined ultrasonic transducers (PMUTs) rely on the piezoelectric effect, see 
Figure 3 [4]. 
 
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.  
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Figure 3: Ultrasound transducer technologies 

2.2.1 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. The differences between collapsed and non-collapsed CMUT are 
schematically shown in Figure 4. The CMUT always operates with a DC voltage for good 
performance. For the non-collapse one the DC voltage should be significantly lower than 
the collapse voltage and vice versa for the collapsed version.  

 
Figure 4: top: non-collapsed version CMUT with DC voltage is lower than collapse voltage. Bottom: 

collapsed version CMUT with DC voltage higher than collapse voltage. 
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2.2.2 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. In general, a PMUT does not require a DC voltage to operate. However, 
if the piezoelectric material is ferroelectric, as PZT is, a DC voltage is applied to operate 
the PMUT in the linear regime, i.e., far from the coercive field. 
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3 Low frequency CMUT development 

The low frequency CMUT is part of the CMUT platform from Philips [5][6] and the low 
frequency CMUT was developed during earlier EU projects [7][8]. During the 
Moore4Medical project, the low frequency CMUT technology was further developed and 
matured to be ready for product development, both for partners within and outside 
Philips. The main topics worked on in Task 4.2 were: 

¶ Transfer from 150mm towards 200mm wafer size 

¶ Process sensitivity investigated and effect on performance confirmed with 
corner batches 

¶ Improvements of the acoustic CMUT module 

¶ Development of low voltage CMUT variants 
These topics are discussed in the following sections. 

3.1 Low frequency CMUT transducer 

 

3.1.1 Introduction 
 
Capacitive micro-machined ultrasonic transducers (CMUTs) are MEMS based 
structures that transmit and receive acoustic signals in the ultrasonic range. They enable 
breakthrough applications for ultrasound, complementing conventional piezo technology 
with advantages such as small form factor, large bandwidth, easy fabrication of large 
arrays, and integration with driver circuitry: CMUT-on-CMOS for 3D ultrasound. The 
combination of processing CMUT devices with flexible foils [9] results in easier and 
cheaper integration in e.g., catheters. Our CMUT devices use the so-called collapse 
mode, with increased output pressure and sensitivity compared to devices in non-
collapse mode. This technology is well suited and optimized for medical applications, 
ranging from general probes towards integration in catheters. For the first applications, 
it leverages the main CMUT advantages of high-volume manufacturing, low cost and 
high performance leading towards ubiquitous ultrasound. For the catheter-based 
devices, CMUT technology also adds high levels of integration and miniaturization.  
 

3.1.2 Process flow CMUT 
 
CMUT process flow is tailor-made for volume processing and is simple and robust. The 
CMUT processing is done on a single wafer (no wafer bonding), with only six masks 
needed. Full processing is done at low temperatures (<400°C), which makes easy 
integration with driver circuitry possible (CMUT-on-CMOS). Only common IC compatible 
materials are used for CMUT, meaning silicon oxide, silicon nitride and aluminium alloys. 
This CMUT technology can be tailored for different applications by tuning, drum design 
and layer stack. The centre frequency ranges from 1MHz up to 50MHz. The CMUT drum 
dimensions can vary from 20µm up to 400µm depending on the required centre 
frequency. Typical examples of current baseline processes are the low frequency variant 
(CM5), the drum size is 350µm (pitch 315µm) and for the medium frequency (CM12) it 
is 120µm (pitch 200µm). The vacuum gap height and membrane thickness are the main 
parameters in the layer stack to be tuned for the different CMUT variants. In general, for 
CMUT lower gap heights and thinner membranes results in higher frequencies. 
 
Schematic process flow is shown in Figure 5: 
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A:   Start material is silicon wafer with dielectric layer (oxide). Start material could also 
be an ASIC wafer with integrated electronics. On top of the oxide the bottom electrode 
(aluminium alloy) is deposited and patterned (mask 1). 
B: On top of bottom electrode the first dielectric (SiO2) is deposited. Next step is the 
deposition and patterning of the sacrificial metal (mask 2). This layer will be etched away 
later and forms the vacuum gap of the CMUT drum. 
C: The second dielectric layer (SiO2) is deposited and is the same as the first dielectric. 
On top of this layer the top electrode is deposited and patterned (mask 3).  
D: The first part of the CMUT membrane (Si3N4) is deposited. 
E: On the side of the drums an etch hole is patterned (mask 4). Through this hole the 
sacrificial material is removed, and the cavity is formed.  
F: The etch hole is sealed by deposition of the second part of the membrane (Si3N4). 
This deposition is done in a low pressure forming the óvacuumô gap. This Si3N4 seal goes 
partly inside the cavity, as shown in SEM picture (G). This is no issues, as the etch hole 
is located at a tab outside the active area of the CMUT device. The processing of CMUT 
is finished with etching vias (mask 5) and patterning of bond pads (mask 6) for contacting 
top and bottom electrodes. 
G: SEM picture of part of CMUT membrane with sealed etch hole. In this case the CMUT 
is processed on top of ASIC wafer.  
 

 
Figure 5: Schematic process flow low frequency CMUT 

3.1.3 Comparison with Butterfly technology 
 
The portable handheld product of Butterfly is currently the CMUT standard on the 
market. The characteristics of their technology can be analysed by studying reverse 
engineering report [11] and patents: 

¶ 3 wafers for processing: 
ς 2 SOI wafers for CMUT Ą wafer bonding needed to form cavity 
ς 1 wafer for ASIC 

ω CMUT wafers combined via wafer/die bonding 
ω Additional Interposer 

ς Interconnect between ASIC and CMUT with TSV 
ς 300mm wafer size (assumption) 

¶ 17 mask layer CMUT process 

¶ Complex PCB used 
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ς Very thin die 
ς Thick ceramic layer used Ÿ used as heat sink 

Acoustic stack is a glass particles filled silicone rubber 
 

 
Figure 6: Cross-section of Butterfly probe [11] 

At Philips, we believe that we have a simpler and more robust process flow for our CMUT 
technology. The main characteristics are: 

¶ Single wafer  

¶ Only 6 masks 

¶ High packing density 

¶ Low temperature Ÿ easy integration on top of ASIC wafer 

¶ Standard processing and materials, like aluminum, silicon nitride and silicon 
oxide 

¶ Lead free  
The main differences are in the number of masks needed and the fact that no SOI or 
wafer bonding is used. To our opinion this makes the process flow easier and more 
robust.  
 
 

3.1.4 Low frequency CMUT specifications 
 
In Figure 7, the die with an active area of 12x21mm2 and picture of part of the array are shown. 

The CM5 is a 1D phased array, suitable for beam steering as shown schematically in Figure 7. 
For our current CM5 process, we analyse the performance on wafer level. Also, we have an 
assembly process running that allows for measuring acoustical parameters. Furthermore, we 
have designed a lens stack that also allows for making images with the CM5 die.  
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Figure 7: Sensor die with active area 12x21mm2 (left), CMUT is phased array (top right) and part of sensor 

array with drums with 350µm diameter (bottom right) 

In the following Table 2, typical results of these evaluations are shown, as well as minimum and 
maximum values that we currently use. For each custom CMUT design, the specs for these 
parameters need to be developed and agreed upon. 
 
Table 2: Typical values for the performance of low frequency CMUT (CM5) devices 

Parameter Min Typ Max Unit Notes 
Wafer level      
Collapse voltage 30 50 70 V 1 
Max. Voltage (Bias + RF)   170 V 2 
Impedance: Fresonance 2.7 3.5 4.3 MHz 3 
Impedance: coupling factor kt

2 0.19 0.27 0.35 - 4 
Impedance: capacitance (Cm 

+ Ce) 
160 225 290 pF 5 

Drift   10 V 6 
      
Acoustical characterization      
Centre frequency 2.4 3.0 3.6 MHz 7 
Bandwidth (-3dB) 70 100 130 % 7 
Maximum sound pressure 0.7 1.0 1.3 MPa 8 
Sensitivity 1.7 2.0 2.3 MPa/100V RF 8 
Frequency @ max. pressure  3.0  MHz 8 
Voltage @ max. pressure  170  V 8 
Imaging      
Penetration depth 20   cm 9 
Resolution  750  µm 9 
Lifetime, # pulses  1E10  - 9 



 
 

 
© Moore4Medical Consortium - Public 

WP4 D4.3, version 1.0 

Moore4Medical 

Ecsel-2019-1-876190 

Page 15 of 44 

Dimensions array      
Length  21  mm  
Width  12  mm  
Thickness  0.3-0.7  mm  

 
Note 1: Collapse voltages (Vc) are determined with a fast linear DC bias sweep (-120V 
Ÿ 120V Ÿ -120V) with small RF voltage (1V; ~80MHz) superimposed, resulting in a 
standing wave where the phase depends on the impedance variation of the CMUT. Fast 
Vc measurements are standardly measured on all elements of all CM5 arrays on all 
wafers processed. This will result in a wafer map of the collapse voltage and give an 
indication of the number of functional elements. A typical curve is shown in Figure 8, 
showing the collapse and snap-back voltage for both positive and negative polarity. The 
Vc is an important parameter for process monitoring because it strongly depends on 
process quality and process variation.  
 

 
Figure 8: Typical example of óimpedanceô measurement for determining collapse voltage.  

Note 2: Maximum operational voltage is defined as sum of bias voltage + RF voltage. 
Suggested maximum operational voltage: bias 120V + 50V RF 
Note 3: From impedance measurements (phase), the resonance frequency in air can be 
derived @ 120V bias (collapse mode). This frequency relates to centre frequency in 
immersion.  
Note 4: From impedance measurements (magnitude), the coupling can be derived @ 
120V bias. The coupling defines the amount of stored mechanical energy per input of 

electrical energy: , with fa is anti-resonance frequency and fr resonance 

frequency in (imaginary) part of impedance signal. 
Note 5: Total capacitance (Cm + Ce) derived from impedance measurement @120 V bias 
(value derived from fit at high frequency) 
Note 6: Maximum drift of collapse voltage during stress. Drift measurements settings: 
120 minutes stress @ 5MV/cm electric field with intermediate Vc (collapse voltage) 
measurements.  
Note 7: Centre frequency and bandwidth are derived from impulse response in 
immersion. On sample basis on a few devices from a batch. See for settings and typical 
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result Figure 9. These measurements were done on devices with full acoustic stack 
(version B) as shown in Chapter 3.4.  

 
 

Figure 9: Impulse response result. Left: settings impulse response measurement and parameters derived 
from impulse response. Right: spectrum impulse response (average 5 samples) with definition centre 
frequency and band width (BW) at -3dB points.  

Note 8: Sound pressure measurements done on multiple channels with varying bias and 
RF voltages. The pressure is measured with calibrated hydrophone. On sample basis 
on a few devices from a batch. See for settings and typical result Figure 10. These 
measurements were done on devices with full acoustic stack (version B) as shown in 
Chapter 3.4.  
 

 

 

 

 

Figure 10: Sound pressure as function of RF voltage at 120V bias. Left: settings of linearity measurement. 

Right: lineartity measurement   

Note 9: Imaging specific requirements will only be investigated on sample basis during 
later development. 
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3.2 Transfer CMUT process to 200mm  

The CMUT process is transferred from 150mm wafer size to 200mm wafer size. This is 
important for cost reduction. For the CM5 array shown in Figure 7, the number of devices 
per wafer doubles from ~35 towards ~70.  
The main conclusions for the transfer to 200mm are: 
ü Same performance for 150mm and 200mm with good process capability 

(Cpk>1.67) 
On collapse voltage, impedance, and acoustics: 
ü Collapse voltage (Vc) is a good process control parameter: both for mechanical 

and electrical performance. See Figure 11, for typical results on both 150mm and 
200mm.  

ü Good yield on wafer level 
ü Narrow collapse voltage distributions for both 150 and 200mm (see Figure 11) 

ü ů~1V (~2%) for 150mm and ~2-3V (~4-5%) for 200mm  
ü 200mm Ą small increase in thickness and etch variations 
ü Variation in Vc has only small effect on acoustics and imaging Ą 

Vc is mostly a process control parameter 
 

 
 

Figure 11: Left: probability plot comparing collapse voltage of the 200mm batches compared with 150mm 
batches. Right: wafer map showing yield on collapse voltage for all CMUT elements. Red dots indicate 

missing elements in CMUT array (opens/shorts). 

3.3 Process sensitivity analysis (corner batches) 

 
The process sensitivity was investigated, and the important process parameters are 
identified (critical to quality (CtQ)). The flow of such an investigation is shown in Figure 
12. The process variation specifications were used as input for a finite element modeling 
(FEM) sensitivity analysis. This analysis showed that the acoustic performance is 
dominated by the following process parameters (CtQ parameters): 

¶ Dielectric thickness 

¶ Gap height (sacrificial metal) 

¶ Membrane thickness (SiN layer) 
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Figure 12: Flow showing the different aspects of a process sensitivity investigation. 

Box-Behnken experimental design was used to determine the response surface 
quadratic model Ą 3 batches with 3 factors (CtQ parameters). In Figure 13, the 
schematic x-section with the 3 factors is shown together with the design of experiments 
scheme. The variation in the CtQ parameters were +/- 10% of the reference value. This 
10% variation in process parameters results in > ±5ů range, indicating a robust process 
window with Cpk > 1.67.  
 

 
Figure 13: Left: Schematic x-section showing the three CtQ parameters. Right: Box-Bencken scheme for 

design of experiments. 

The collapse voltage is an important parameter, because from all elements in all arrays 
on all the wafer this voltage is measured. The parameter is very sensitive for variation 
in all process parameters, like layer thickness, stress values and dimensions.  
 

 
Figure 14: Collapse voltage (boxplot) for the different corners of the CtQ parameters 






















































