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Abstract: Ultrasonic transducers are widely used for non-destructive testing (NDT) and evaluation in various
industries. While capacitive micromachined ultrasonic transducers (CMUTs) have emerged as significant novel
transducers, their application in NDT has been limited. This study designed and fabricated a novel two-
element CMUT device for NDT applications. The CMUT’s structural parameters were introduced, and the
device was fabricated using silicon fusion wafer-bonding technology. The transducer’s sensitivity, bandwidth,
and pulse-echo response performance were tested and analyzed. Testing with aluminum blocks demonstrated
that the two-element transducer can transmit and receive ultrasonic waves, with central operating frequencies
of 3.35 MHz. In addition, at 3.4 MHz, the receive sensitivities of both elements were —197.434 dB and -197.413
dB, respectively, meeting the requirements for NDT systems. In pulse-echo response testing, the CMUT
successfully detected signals from the aluminum block interface and located the interface’s position. This study
highlights the potential of CMUTs for NDT testing and evaluation applications.

Keywords: capacitive micromachined ultrasonic transducer; non-destructive testing; wafer
bonding; pulse-echo response

1. Introduction

Ultrasonic testing technology utilizes the propagation characteristics of ultrasound in materials
for non-destructive testing (NDT) of defects, foreign bodies, and cracks [1-4]. This method offers high
sensitivity, strong non-destructiveness, broad applicability, real-time analysis, quantifiability, and
safety, making it highly efficient and valuable in the NDT field. It is also widely employed in
industries of iron and steel, petrochemicals, aerospace, and nuclear power [5-9].

Ultrasonic transducers are crucial to the ultrasonic testing system, as they transmit and receive
ultrasonic waves, comprising either single-element or multi-element designs [10-13]. Capacitive
micromechanical ultrasonic transducers (CMUT) are emerging as a novel and promising alternative
to conventional bulk PZT (lead zirconate titanate) transducers, offering advantages in
miniaturization, integration, and performance [14-16]. While CMUTs have been primarily explored
for medical ultrasound imaging [17-19], their application in NDT is less developed.

This study presents the design, fabrication, and characterization of a CMUT transducer for NDT,
consisting of two elements. The ultrasonic transducers function as actuators to generate ultrasonic
waves and as sensors to detect these waves. This study also includes the development of a custom
ultrasonic imaging transceiver system for transmitting pulses and receiving echo signals. We detect
defects using sensors and determine the severity of defects to validate the potential of CMUT
transducers in NDT applications.

2. Materials and Methods

2.1. Transducer Structure

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The CMUT transducer comprises multiple sensitive capacitor units, each including a metal top
electrode, a vibrating film, an isolating layer, a vacuum chamber, an insulating layer, a silicon
substrate, and a metal bottom electrode. The sensitive unit structure of the CMUT transducer
designed in this study is illustrated in Figure 1. The top and bottom electrodes are created by
sputtering aluminum, while the vibrating film consists of the top layer silicon of silicon-on-insulator
(SOI), offering excellent uniformity and consistency. The vacuum cavity and the insulating layer
provide good insulation to prevent short circuits between the highly doped conductive silicon sheet
and the silicon substrate during operation, even in collapse mode. The silicon oxide isolation layer
between the top electrode and the vibrating film reduces the parasitic capacitance of the sensor. The
silicon substrate supports the insulation layer and the vibrating film, and forms an ohmic contact
with the metal electrode, constituting the fixed plate of the CMUT transducer. The CMUT transducer
includes 900 capacitor units arranged in parallel and divided into two arrays (Figure 2). During
fabrication, the silicon film is 2-pmthick, and a silica insulation layer with a thickness of 150 nm is
retained between the vacuum chamber and silicon substrate. The parameters of the CMUT
transducer are detailed in Table 1.

cuum Cauvit

Figure 1. The capacitor structure of CMUT.

Figure 2. Layout of CMUT transducer.

Table 1. Design parameters of the CMUT.

Parameter Value
Device size/(um x pum) 5100=5100

Number of elements 2

Number of capacitive units per array 480
Cavity diameter/um 92

Cavity thickness/um 0.35

Cavity insulation thickness/pm 0.15
Film thickness/pm 2

Silicon substrate thickness/pum 350

2.2. Capacitive Micromachined Ultrasound Transducer Fabrication
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The CMUT device was fabricated using silicon fusion wafer-bonding technology, which
involved directly bonding two silicon surfaces at high temperatures, resulting in high bond strength
and extreme hermeticity [20]. This wafer-bonding approach was chosen because it facilitates easier
fabrication of membrane structures from silicon wafers.

The process began with two wafers: a prime-quality oxide silicon wafer (Figure 3a) and an SOI
wafer (Figure 3b). First, a reactive ion etching (RIE) machine was used to etch a 300 nm of silicon
dioxide layer, forming a cavity while retaining a 200 nm-thick oxide layer to provide electrical
insulation between the thin film and the substrate (Figure 3c). Second, the SOI wafer and the oxide
silicon wafer patterned with cavities were pre-bonded in a vacuum at room temperature and
followed by annealing at high temperatures up to 1150°C, completing the fusion bonding process
(Figure 3d). The handle layer and the buried oxide (BOX) layer of the SOI wafer were subsequently
removed to release the thin membranes of the device layer using chemical mechanical polish (CMP)
and wet etching (Figures 3e and 3f). Deep reactive ion etching (DRIE) was employed to front etch the
silicon and form isolation channels and grooves (Figure 3g). A 100-nm thick oxide silicon layer was
deposited on the device layer of the SOI wafer with cavities (Figure 3h). Finally, an aluminum metal
layer was sputtered onto the device layer side and patterned to form the top electrode of the CMUT
device. Another aluminum metal layer was sputtered on the side of the handle layer of the cavity
SOl unpatterned, to form the bottom electrode of the CMUT device (Figure 3i). Annealing was
performed to establish ohmic contact between the bottom electrode and the highly doped silicon
substrate.

Si0,(500nm)

2\ m

(A) Silicon oxide wafer.

(B) SOI wafer.

(O) Cavity definition.

(D) Si-SOI bonding.
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(E) Removal of substrate silicon.

(F) Removal of oxide layer.

(G) Etching isolating slot and scribing groove.

(H) PECVD oxide layer.

Metal electrode (top electrode)

[

Metal electrode (bottom electrode)

(I) Sputtering top and bottom electrodes.

Figure 3. The CMUT fabricated using silicon fusion wafer-bonding technology.

3. Results

The CMUT transducer chip's metal bottom electrode was bonded to the metal welding pad of
the printed circuit board using an epoxy resin conductive adhesive. A lead wire connected the metal
top electrode welding pad of the chip to the metal welding pad on the printed circuit board, allowing
the test connection for both electrodes to be made from the board. Due to the similar acoustic
impedance characteristics of silicone oil and water, and the requirement for electrical insulation
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during testing, the CMUT transducers were tested in silicone oil. This study examined the receiving
sensitivity, bandwidth, and pulse-echo response performance of the fabricated CMUT transducer.

3.1. Bandwidth Testing

The CMUT array element was immersed in silicone oil, and its bandwidth was measured using
the pulse-echo method (Figure 4). The JSR DPR300 ultrasonic pulse generator/receiver generated a
high-voltage pulse excitation to drive the CMUT array element, which emitted ultrasonic waves.
When these waves encountered the aluminum block, they were reflected to the CMUT array. The
received signals were read by an oscilloscope. The Fourier transform of the received signal was used
to obtain the relative sensitivity bandwidth curve of the CMUT array (Figure 5). The packaged CMUT
array exhibited a center frequency of 3.35 MHz, and a relative sensitivity fraction bandwidth of -6dB
at 86%, meeting the design requirements of NDT.

Oscillograph

JSR DPR 300

Aluminum blocks

DC

/
- oMUt

Ve

sensitivity (dB)

Voltage (V)

16.0 16. 5 17.0

Time (ps)
Figure 5. Relative sensitivity bandwidth curve of CMUT array elements.

3.2. Capacitance-Voltage Characteristics

The CMUT operates based on the elastic deformation of thin capacitor plates under electrostatic
force or acoustic waves. When a DC bias voltage is applied, the vibrating film of the CMUT moves
towards the CMUT substrate due to electrostatic force, reducing the actual cavity thickness of CMUT
and altering the CMUT’s capacitance. As the bias voltage changes, the capacitance of the CMUT also
varies. The capacitance-voltage (CV) characteristics of the CMUT device illustrate the quantitative
relationship between structural deformation and bias voltage. This study tested the capacitance-DC
bias voltage characteristics of two CMUT arrays, as depicted in Figure 6. The results indicate that the
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CMUT capacitance increased with the absolute value of DC bias voltage, which is consistent with
theoretical predictions.
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Figure 6. CV characteristic curve of CMUT device.

3.3. Reception Sensitivity Test

This study employed the reciprocal calibration method to assess acceptance sensitivity, as
illustrated in Figure 7. In the previous bandwidth test, the center frequency of the CMUT’s No. 1
array element was determined to be 3.35 MHz. A signal generator applied three sinusoidal pulses
with a frequency of 3.4 MHz and a peak-to-peak value of 10 V to the No. 1 standard hydrophone.
The No. 2 standard hydrophone, designated HPCTN-3-10-1-A-40#, served as the receiver for
ultrasonic signals and was connected to an oscilloscope. The two hydrophones were spaced 10 cm
apart, and the accepted voltage signal of the No. 2 standard hydrophone was recorded under these
conditions. The No. 2 standard hydrophone was then substituted by two CMUT elements, each
subjected to a DC voltage and an AC voltage of 20 V in turn. A low-noise amplifier with a 10x
amplification was connected to the receiver, and the receiving voltage of the two CMUT elements
was recorded.

[Oocitogapn |

Power amplifier

T
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Hydrophones Hydrophone:
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(A) The No. 2 standard hydrophone acts as a receiver to receive ultrasonic signals.
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(B) The CMUT array element as a receiver to receive the ultrasonic signal.

Figure 7. Schematic diagram of the test.

Table 2 presents the peak-to-peak and acceptance sensitivity (M1/dB) of the received voltage
signal at 3.4 MHz for the No. 2 standard hydrophone, along with the peak-to-peak amplitude of the
received voltage signal for the two CMUT arrays. The received sensitivity (M2/dB and M3/dB) in
decibels for the two CMUT elements were computed. The test results indicate that the maximum
acceptance sensitivities of the two elements of CMUT in silicone oil were —197.434 dB and -197.413
dB, respectively. These demonstrate that the two elements exhibited good performance, highlighting
their advantages in ultrasonic testing technology.

Table 2. No. 2 standard hydrophone data.

Devices Frequency Accept voltage Sensitivity
Standard hydrophones 3.4 MHz 161V -201.000 dB
No. 1 array element 3.4 MHz 417V -197.434 dB
No. 2 array element 3.4 MHz 418V -197.413 dB

3.4. Metal Penetration Test

The CMUT and the aluminum block being tested were submerged in silicone oil. The CMUT
emitted an ultrasonic signal under pulse excitation, and the reflected signal from the aluminum block
was received by the transducer, demonstrating the CMUT’s ability to excite the signal to penetrate
the aluminum block. Figure 8 illustrates the actual test setup. The pulse-echo response test device
comprised a pulse generation circuit, JSR DPR300, CMUT, and aluminum block. The pulse generation
circuit, designed and manufactured in the laboratory, is a bipolar high-voltage pulse generator based
on the MAX14808 chip, allowing for the customization of the pulse waveform, number, frequency,
and duty cycle. To evaluate the CMUT's ability to detect metal defects, two aluminum blocks of
identical size and material were designed, one containing a defect at a depth of 2 cm and the other
intact.

In the metal penetration test, a 30 V DC bias was applied to the bottom electrode of the CMUT,
while a bipolar square wave of 3.4 MHz and 40 Vpp was applied to the top electrode for five cycles
using a pulse generation circuit. The square wave had a 50% duty cycle for both positive and negative
polarities. The echo signal received by the CMUT was routed through a TR switch to the JSR DPR300
device, where it was filtered and amplified before being displayed on an oscilloscope. During the
test, the JSR DPR300’s gain was set to 30 dB, with the cut-off frequencies of the low-pass and high-
pass filters at 4.5 MHz and 1.5 MHz, respectively.

Figure 9 illustrates the experimental results of the CMUT test for metal penetration. Figure 9a
depicts the echo signals of the front and rear surfaces of the aluminum block, with no other signal in
the middle. The two signals were 14.50 ps apart, and the thickness of the aluminum block was
computed to be 4.57 cm, consistent with the block’s actual thickness of 4.6 cm. Figure 9b showcases
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the echo signals on the front and rear surfaces of the defective aluminum block. It is observed that
the signal contained defect information, and the defect depth was 1.499 cm based on the distance
between the defect and echo signals on the front surface of the block. This finding is consistent with
the actual 1.5 cm depth of the actual aluminum block defect.

Figure 8. Diagram of the actual test setup.
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(A) Echo signal of an intact aluminum block.
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(B) Echo signal with defective aluminum blocks.

Figure 9. Echo signal of the aluminum block.

4. Discussion

CMUTs offer advantages over PZT transducers in terms of miniaturization, high integration,
and superior performance. Currently, CMUT research primarily focuses on medical imaging, with
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limited exploration in NDT. This study explored the potential application of the proposed CMUT
device in NDT, assessing its feasibility through structural design, fabrication, and test data analysis.
A CMUT device operating at 3.35 MHz was developed to meet NDT requirements. The proposed
device identified defect locations by detecting ultrasonic echo signals reflected from the defective
surface of an aluminum block. This study also evaluated the CV characteristics, receiving sensitivity,
and bandwidth performance of the designed CMUT.

The CMUT was fabricated using silicon wafer bonding, known for its good electrical properties
and high packaging density, which is advantageous for applications requiring miniaturization and
integration. This process is cost-effective compared to other bonding technologies, aligning with our
manufacturing needs. Future work will involve testing aluminum blocks with different defect types.

5. Conclusions

This study proposed a novel CMUT device employing silicon fusion wafer bonding technology,
designed for ultrasonic transducer applications in NDT. The device’s transmit and receive
sensitivities were evaluated using the reciprocity calibration approach, yielding a receiving
sensitivity of —-197.4 dB. The CMUT operated at a center frequency of 3.35MHz with a bandwidth of
-6 dB at 86%. In metal defect testing, the sensor successfully detected and measured echo signals
from metal defects, allowing for depth assessment. The performance evaluation of the proposed
CMUT chip and the metal defect tests demonstrate its suitability for NDT applications.
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