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Abstract—This work demonstrates the imaging capabilities of a Silicon-On-Nothing (SON) ScAlN piezoelectric 
micromachined ultrasonic transducer (pMUT) array by a method of transmit 
beamforming followed by suitable signal post-processing for 3D image 
reconstruction. A 2.7MHz pMUT array with 15% Scandium doped Aluminum 
Nitride as the piezo thin-film was implemented for this demonstration. A total 
of sixteen 3×3 mm dies consisting of 34×37 pMUT elements per die and 
operated as dual channels were arranged in an 8-column×2-row array 
configuration, resulting in a 32-channel experimental system with a 
24mm×6mm coverage. In this work, experimental testing using single and 
multiple 6mm diameter reflectors at a different spacing from each other and a 
distance of 2.5cm from the array was performed to validate the 3D imaging 
capabilities of the developed 2D SON ScAlN pMUT array with an attained 
lateral resolution of 5mm. 

Index Terms—Piezoelectric micromachined ultrasonic transducer (pMUT), Phased array, ScAlN, Silicon-On-Nothing, Transmit beamforming, 

Ultrasonic imaging 

 
I. INTRODUCTION 

O-date, ultrasonic transducers have been used in various 

applications including but not limited to medical imaging 

[1], non-destructive testing (NDT) [2], ranging [3], [4], and mid-

air haptics [5]. Traditional ultrasonic transducer arrays based 

predominately on bulk piezoelectric ceramics have been used 

extensively for imaging; there are several drawbacks 

associated with them. First, high-resolution imaging is 

inherently dependent on high frequencies. This is unattainable 

for piezo-ceramics due to the difficulty in scaling down the size 

of the arrays [6]. Second, for certain imaging applications such 

as endoscopy and non-destructive testing (NDT), the need for 

an array that can fit in small enclosures makes bulk piezo 

materials unsuitable [7]. A good alternative that could address 

these design challenges would be piezoelectric micromachined 

ultrasonic transducer (pMUT) arrays given their small form 

factor, low-cost, and matured fabrication processes [8]. 

{PMUTs have attracted significant attention over the past 
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20 years given their desirable traits such as circuit integration, 

tighter pitch, good acoustic impedance matching, low driving 

voltage, high receive sensitivity, and ease of pulse frequency 

control [9]–[12]. Currently, research on pMUTs for imaging 

applications has focused on short-range/surface imaging (e.g, 

fingerprint mapping) [13], [14], defect detection in solid 

materials [7], and medical imaging [15]–[17]. In the imaging 

implementations of [13], [14], high-resolution imaging is 

achieved (100-200μm), but limited to short ranges of a few 

millimeters. This limitation comes even after some 

optimization either through mechanical scanning in [13], which 

is a laborious and time-consuming process or the use of a 

waveguide in [14], which can only preserve the acoustic 

pressure for a couple of millimeters axially. In [7], defect 

detection over long-range distances as far as 3cm can be 

achieved, but at the cost of lateral resolution (approximately 

1cm). In addition, [7] proposed Full Matrix Capture (FMC) for 

image reconstruction, which could lead to the production of 

large data files for post-processing, slow scanning speeds, and 

reduced SNR. Based on this literature review, there is a gap in 

immersion imaging with pMUT arrays at long ranges, which is 

the focus of the work presented here. We propose the use of a 

multi-channel SON ScAlN pMUT array, which consists of 

multiple dies, for imaging in fluids at distances of 2-3cm with 

an experimentally achievable lateral resolution of 5mm. 

The work presented here focuses on imaging with ScAlN 

pMUTs, which are fabricated using the Silicon-On-Nothing 

(SON) process as opposed to the traditional fabrication 

methodologies by releasing the membranes from Silicon-On-

Insulator (SOI) wafers [19], [20]. ScAlN, as also AlN, has certain 

T 



advantages: it’s lead-free, allows for deposition at 

temperatures below 400◦C, and is compatible with CMOS 

fabrication [10]. As reported in [21], [22], the SON process for 

pMUT microfabrication employs the migration of silicon to 

form a monocrystalline silicon (mono-Si) membrane over a 

buried cavity on 8-inch Silicon wafers. As a result, SON pMUTs 

can demonstrate low-cost, high-yield, and high fill-factor pMUT 

arrays [21], [22]. Furthermore, with the SON process, pMUT 

designs can be more flexible without lateral dimension 

limitations and the device fill-factor can be greatly increased 

compared to other common microfabrication methods [21], 

[22]. 

In our previous work, preliminary experimental imaging 

results with a 1D SON ScAlN pMUT linear array were presented 

considering the Common Source Method (CSM) for data 

acquisition and the Total Focusing Method (TFM) for image 

reconstruction [15]. In this paper, the work is further extended 

to demonstrate for the first time, the imaging capability over 

long ranges of a 2D SON ScAlN pMUT multi-channel array. 

There are two distinct differences in the work proposed in the 

present contribution as compared to [15]. Firstly, the utilization 

of a 2D pMUT array as opposed to a 1D array reported in [15] 

allows the ability for long-range imaging comfortably up to 4-

5cm (with experimental results presented in this work covering 

2-3cm in range). Secondly, the Common Source Method is 

replaced by a transmit (TX) beamforming scheme, which 

results in a much more focused acoustic beam-width. Hence, a 

better lateral resolution (5mm) has been demonstrated 

experimentally. The paper is organized as follows: Section II 

presents the SON pMUT design and some of its key 

characteristics quantified through hydrophone measurements. 

In addition, the 2D array configuration, experimental setup, 

actuation methodology, and data post-processing are 

discussed in detail. Section III covers three experimental 

scenarios to validate the 3D imaging capability of the proposed 

2D array. Lastly, conclusions are drawn in Section IV. 

II. PMUT DESIGN CHARACTERISTICS 

A. Single pMUT chip design specifications & acoustic 

characterization 

Figure 1a shows the optical image of a ScAlN pMUT array 

chip used in this work. Figure 1b depicts the SEM image of the 

pMUT array (upper figure) and the cross-section of the various 

layers that a SON pMUT element consists of along with the 

dimensions of each layer (lower figure). The pMUT array 

consists of 34×37 elements with a total aperture size of 

7.03mm2. The cavity width for each pMUT element 

(membrane) is 65μm, whereas the element pitch is 75μm (Fig. 

1b). The 37×34 pMUT elements in the chip are split into two 

groups of 19×34 and 18×34 elements each (seen in Fig. 1a), 

with the rows and columns of each group electrically 

connected in parallel to form a single channel. 

The pMUT array was split into two independent channels per 
die (in the above arrangement of 19×34 and 18×34) to 

 

 (a) (b) 

Fig. 1. (a) Optical image of the 37×34 pMUT elements split into two channels 
in a chip; (b) Top image: SEM image of the pMUT array showing the pitch 
between adjacent pMUT element. Bottom image: illustration of the SON 
pMUT cross-section and dimensions. 

ensure the impedance per channel is close to 50Ω at the device 
resonant frequency (5 MHz when operated in air) for maximum 
power delivery. The resonant frequency of the PMUT in air has 
been validated and reported in [21] (as R32.5 device in Fig. 4). 
The pMUT array fill factor corresponds to 66.3%. A cavity pitch 
equal to 10𝜇m was chosen to ensure a 6𝜇m wide electrical 
routing is sufficient to support the current needed to drive the 
pMUT array without the tracks burning during immersion test. 

The immersion characterization of a single pMUT channel 
(aperture of 3.59mm2) was carried out in a matching medium 
(FC-70) using a 40μm diameter hydrophone needle from 
Precision Acoustics Ltd. Figure 2 depicts the transmit sensitivity 
as a function of frequency from 0.1 to 10MHz at a distance of 
∼3.26cm above a single (half die) channel in log scale for the y-
axis (rel. to 1 kPa/V). It can be seen from Fig. 2 that the 
maximum transmit sensitivity occurs approximately at 2.7MHz, 
which is the nominal frequency used to excite the 2D ScAlN 
array for the subsequent immersion imaging experiments 
discussed in Section III. The -3dB bandwidth for a pMUT 
channel, measured to be approximately 1.8MHz, will 
contribute towards better imaging resolution and imaging 
contrast enhancement, two significant requirements for 
obtaining high-quality images with pMUTs. Based on double 
beam laser interferometer measurements of the film with a 
thickness of 1𝜇m, the 𝑒31f coefficient is about 14-15 C/m2). The 
coefficient is possibly slightly lower for the thinner film (0.3𝜇m) 
reported in this work. 

Furthermore, the field-of-view (FOV) for a single pMUT 

channel (i.e. half die) was measured using the aforementioned 

hydrophone setup. The hydrophone needle was moved after 

every measurement point to raster-scan the (x,z) space above 

the pMUT array and measure the received time-domain 

pressure. The pMUT channel was actuated with a 16Vpp 5-

cycles sinusoidal wave at 2.7MHz. Figure 3 illustrates the 

pressure distribution above the pMUT array in the (x,z) plane. 

The pMUT array is located at the axis origin (0,0), whereas the 

FOV is defined as the angle between the element boresight axis 
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and the axis to the point of half maximum power 

(corresponding to the full-width-half-maximum). Based on this 

 

Fig. 2. Frequency sweep of pressure sensitivity of single channel pMUT array 
(aperture of 3.59mm2) in immersion with a hydrophone. 

 

Fig. 3. Single channel pMUT array directivity pattern based on hydrophone 
measurement. 

measurement, the FoV is conservatively determined to be 10◦, 

indicating the directivity of a pMUT channel. 

B. 2D Array Configuration and Experimental Setup 

The 2D pMUT array configuration (depicted in Figure 4) 

consists of 16 dies arranged in two rows and eight columns on 

a custom-designed printed circuit board (PCB). Each die has 

34×37 pMUT elements, which are split into two channels (seen 

in Fig. 1a), as discussed in Section II-A. Every chip was die-

attached and wire bonded onto a PCB, as shown in Fig. 4. The 

bonding wires were encapsulated with epoxy to prevent 

damage during the experiment. Each pMUT channel was 

connected to a micro-coaxial port for interfacing with 

 

Fig. 4. Top view of the 32-channel ScAlN pMUT array composed of 16×2 pMUT 
chips wirebonded onto the PCB. The bonding wires were encapsulated to 
prevent damage during immersion. 

the Verasonics system. It is worth noting that an evaluation of 
how various packaging methods may affect the imaging 
performance has not been conducted as part of this work. 
However, since the SON process does not use back-port etch to 
release the pMUT element membranes, the authors do not 
suspect any degradation/affect in the acoustic performance 
due to different die-attach/packaging methodologies. 

Each chip has two channels with each channel mapped to an 

input/output (I/O) channel of a Verasonics VantageTM 64 

Research Ultrasound System. This results in a 2D 32-channel 

pMUT array configuration which can be individually (i.e., on a 

per channel basis) addressed and the received signal can be 

processed in real-time or offline. It is worth highlighting that 

the element structure in both the 1D SON ScAlN pMUT linear 

array reported by the authors in [15] and the 2D SON ScAlN 

pMUT array presented in this work are identical. 

The device was submerged in 3M Fluorinert FC-70 fluid with 

an acoustic impedance equivalent to that of human tissue 

(∼1.3MRayls). All the channels were excited simultaneously by 

pulsating with a 3-cycle 10Vpp sinusoidal signal at 2.7MHz 

using the Verasonics VantageTM 64 Research Ultrasound 

System. A metal reflector with a diameter of 6mm was used in 

all the imaging experiments to validate the imaging capabilities 

of the multi-channel pMUT array in conjunction with the 

respective imaging algorithms. 



 

Fig. 5. (a) XY view plane of the 2D pMUT array die arrangement; (b) XZ view 
plane of the transmit beamforming. Note that for the experiments considered 
in this work, the focal distance, 𝒅0, is tuned to a depth of 2.5cm. 

C. Transmit (TX) Beamforming & Imaging Algorithm 

Figure 5a illustrates the top view of the 2D pMUT array 

arrangement, whereas Figure 5b shows a diagram of the 

operation of the transmit (TX) beamforming for this array. 

When considering TX beamforming, a time delay is applied to 

the transmit waveform for every channel to create a time-delay 

beamforming effect. This allows the transmitted beam to focus 

at a specific point in the propagation medium (known as the 

focal point). As seen in Fig. 5b, the center of a channel is taken 

as the origin for each of the 2×16 channels. With this as the 

reference point, a time delay, 𝜏, is applied to the excitation 

signal of channels 1–8 (considering the array symmetry along 

the x-axis) with the following relationship: 

𝑑𝑖 − 𝑑0 

 𝜏𝑖 =  (1) 

𝑐 

where 𝑖 corresponds to the 𝑖-th channel of the 2D array; 𝑑0 

corresponds to the Euclidean distance between the origin of 

the multi-channel array and the focal point; 𝑑𝑖 refers to the 

Euclidean distance between the origin of the 𝑖-th channel and 

the focal point; and 𝑐 is the speed of sound in the propagation 

medium. The focused beam diameter is dependent on the 

array aperture, which corresponds to the number of dies (i.e. 

8 along the lateral dimension) multiplied by their pitch (i.e., die 

pitch of ∼3.2mm). 

Hypothetically, when the focused acoustic beam impinges 

on the surface of a reflector, the out-of-phase (delayed) echo 

signals are reflected to the array. The acoustic pressure 

received by the array channels will be converted to electrical 

signals, which will be captured and analyzed by the Verasonics 

System. Figure 6 depicts the post-signal processing of the 

received raw signals, 𝑦𝑛(𝑡), to obtain the final reconstructed 3D 

image. 

The time delay of each channel calculated by (1) is applied 

to the out-of-phase (delayed) received signals to obtain the in-

phase (time-aligned) echo signals. After the time alignment, 

the signals are passed to the received beamforming algorithm 

in order to reconstruct a 3D image. This image would 

correspond to the distribution of energy intensity on a 3D 

Cartesian grid of finite-spaced points (referred to as pixels) 

which maps all the possible reflector locations in the imaging 

domain. For every pixel, all the in-phase received signals are 

time-shifted by 2𝑑pixel(rx)/𝑐 and then summed with the overall 

operation of the imaging algorithm expressed by the following 

equation:  

 (2)
 
 

where 𝑑pixel(rx) corresponds to the Euclidean distance from the 

pixel to the receiving (RX) channel - with multiplication by 2 

referring to the round-trip distance; 𝑦rx(𝑡) is the received out-

of-phase signal recorded at every rx channel; 𝑐 corresponds to 

the known speed of sound in the propagation medium; and 𝜏𝑖 
refers to the time-delay applied to every 𝑖-th channel of the 

array during actuation computed from eq. (1). The location of 

each focal point is known in advance since it is needed for the 

beam to focus from the transmit side. The pMUT directivity is 

also incorporated in the post-processing to ensure that the 

narrow pMUT FoV is taken into account in the final imaging 

result. 

Once time-shifted, all the received signals are summed. This 

way, the signal contributions corresponding to the reflector 

constructively add resulting in an increased energy intensity 

value for a specific pixel(s), whereas the ones corresponding to 

noise or other undesired (non-static) signal contributions are 

canceled out or result in a minimal energy intensity value for 

some of the pixels. The final absolute value of energy intensity 

is assigned to the pixel and the process is repeated for the next 

pixel in the 3D grid until all pixels are assigned a value of 

absolute energy intensity. The final 3D image is normalized by 

the maximum intensity within the 3D grid. 
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III. EXPERIMENTAL VALIDATION 

As previously mentioned, metal reflectors with a diameter of 

6mm were used to validate the imaging capabilities of the 2D 

ScAlN pMUT array in immersion. Three experiments with 

different reflector arrangements were carried out. Figure 7 

depicts the overall experimental setup used for testing and the 

three test scenarios (denoted as A, B, and C). 

The TX beamforming scheme (discussed in Section II-D and 

denoted as ”focused imaging” for the remaining of this 

document) was compared against the Common Source 

Method (CSM), whereby all array channels are excited 

simultaneously 
Fig. 6. Received (RX) beamforming signal processing. 

followed by RX beamforming (i.e. classical TFM) processing 

(denoted as ”unfocused imaging” hereinafter). A detailed 

description of the CSM excitation scheme is reported in [26]. 

In terms of visualizing the 3D imaging results, once the 

normalized 3D image of energy intensity is obtained, the (x,y,z) 

co-ordinates of the pixel with maximum intensity in the 3D 

image are determined and used to slice through the (x,z) and 

(x,y) planes to generate two 2D images. 

The sequence of the experiments is as follows: First, a single 

6mm diameter reflector is considered (Experiment A) to 

validate the proposed focused imaging scheme contrasted 

against the unfocused imaging scheme. Experiment A is used 

to determine the energy intensity threshold that would result 

in optimal 2D images and is, thus, treated as an experiment for 

the calibration of the energy intensity threshold. In Experiment 

B, a second identical reflector is added with the spacing 

between the two reflectors being set to 1.5cm providing a basis 

for the lateral resolution given the selected intensity 

threshold(s) in the 2D images. Finally, Experiment C challenges 

the imaging capability of the system by bringing the two 

reflectors closer to each other (at a distance of 0.5cm) and 

investigating whether the two reflectors can be resolved by the 

system with either focused or unfocused imaging. Note that for 

all the experiments, the reflector(s) were placed at a fixed 

distance from the 2D array of 2.5cm. 

For all the results presented, the FoV in the imaging 

algorithm was set to 10◦ to closely match the measured pMUT 

FoV (shown in Fig. 3). Given that only a certain number of pixels 

will fall within the narrow directivity (FoV) of every array 

channel, the resulting 2D images will be discretized. This 

discretization effect will result in coarse energy intensities at 

the location of the reflector, as opposed to the case whereby 

omnidirectionality (360◦ FoV) was assumed and all the pixels 

were considered by every array channel, which would result in 

images of smooth energy intensity at the location of the 

reflector. 

A. Experiment A: Calibration of energy intensity 

In this scenario, a single 6mm diameter reflector was placed 

above the center of the 2D array. Figure 7 shows the 

experimental setup along with the fluid-filled tank and 

submerged pMUT array. Initially, all the pixels are depicted 

considering a normalized intensity range of 0-1. However, in 

clinical modalities, the intensity tends to be modified by 

clinicians through the use of an intensity threshold slider. In 

order to replicate this to an extent, a threshold value is applied 

to the results, which defines the lower limit of intensity to be 

included in the 2D reconstructed images. The lower limit 

threshold values of 0, 0.5, 0.6, and 0.7 were investigated to 

compare the final reconstructed images. 

Figure 8 depicts the 2D imaging results obtained using the 

unfocused imaging scheme (row 1 for (x,z) plane images, row 

2 for (x,y) plane images - highlighted in blue) and the focused 

imaging scheme (row 3 for (x,z) plane images and row 4 for 

(x,y) plane images - highlighted in maroon) for the considered 

energy intensity threshold values (labeled for each column). It 

can be observed that a fairly equivalent reconstruction of the 

reflector is obtained with both focused and unfocused imaging 

schemes when no energy intensity threshold is being applied 

(first column in Fig. 8). 

By observing the results for the intensity threshold values of 

0.5, 0.6 and 0.7 (seen in second, third and fourth columns 

respectively in Fig. 8), it can be said that the reconstruction of 

the reflector in the (x,z) plane is optimized, with the resulting 

energy concentration closely mapping the actual dimension of 

the reflector for the 0.5 and 0.6 threshold values. The 0.7 

threshold leads to a significant reduction in the energy content 

within the 2D images for both imaging schemes. Hence, the 

imaging results considering the intensity threshold values of 

0.5 and 0.6 alone will be considered in the next experiment as 

they provide a better reconstruction of the reflector. 



B. Experiment B: Two reflectors 1.5cm apart 

In this scenario, two 6mm diameter reflectors were attached 

to the 3D printed holder at a distance of approximately 1.5cm 

from each other to investigate the lateral resolution that can 

be achieved by the proposed pMUT array with focused 

imaging. Fig. 7 shows a close-up image of this experimental 

setup. The distance of 1.5cm between the two reflectors was 

selected on the basis that it enables both reflectors to be in the 

coverage area of the 2D array and, therefore, comfortably 

imaged by it. 

Figure 9 depicts the 2D imaging results in the (x,z) and (x,y) 

planes for the unfocused and focused imaging, considering the 

energy intensity threshold values of 0.5 and 0.6. It can be 

argued that the two reflectors can be clearly separated in the 

imaging result when focused imaging is considered and 

 

Fig. 7. Experimental setup for the three imaging scenarios. Experiment A consists of single 6mm diameter reflector placed 2.5cm above the array. 
Experiment B consists of two 6mm diameter reflectors placed 1.5cm apart and 2.5cm above the array. Experiment C consists of two 6mm diameter reflectors 
placed 0.5cm apart and 2.5cm above the array. 
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Fig. 8. Reconstructed image of experiment A sliced along the (x,z) and (x,y) planes with normalized pixel intensity using unfocused imaging and focused imaging. 
Each column corresponds to energy intensity thresholds of 0, 0.5, 0.6 and 0.7. 



 

Fig. 9. Reconstructed image of experiment B sliced along the (x,z) and (x,y) 
planes with normalized pixel intensity using unfocused imaging and focused 
imaging. Each column corresponds to energy intensity thresholds of 0.5 and 
0.6. 

the energy intensity threshold is equal to either 0.5 or 0.6. 

Unfocused imaging is unable to resolve the two objects in 

proximity when using either 0.5 or 0.6 threshold for the energy 

intensity. 

Based on the results presented so far in Sections III-A and III-

B, it can be argued that the focused imaging scheme 

outperforms the unfocused imaging scheme as both reflectors 

can be resolved irrespective of the energy intensity threshold 

being 0.5 or 0.6. The superiority of focusing imaging in the 

lateral resolution is primarily attributed to the narrow TX 

beam-width. Given that the threshold value of 0.5 provides a 

better representation of the location of the two reflectors, this 

threshold value will be considered in the next experiment. 

C. Experiment C: Two reflectors 0.5cm apart 

In this scenario, the two 6mm diameter reflectors were 

placed closer, at approximately 5mm to further challenge the 

lateral resolution that is achievable with the proposed array 

and focused imaging scheme. Fig. 7 shows the experimental 

setup for experiment C. Figure 10 depicts the 2D imaging 

results in the (x,z) and (x,y) planes considering unfocused and 

focused imaging respectively with the obtained imaging results 

having an energy intensity threshold of 0.5. It can be argued 

that the two reflectors cannot be resolved when considering 

the unfocused imaging scheme. On the contrary, with focused 

imaging, the two reflectors can be clearly identified as two 

distinct objects. It can be concluded that the proposed pMUT 

 

Fig. 10. Reconstructed image of experiment B sliced along the (x,z) and (x,y) 
planes with normalized pixel intensity using unfocused imaging and focused 
imaging. Each column corresponds to energy intensity threshold of 0.5. 

array arrangement can achieve comfortably a lateral resolution 

of 5mm when using TX beamforming. 

The theoretical maximum lateral resolution given an array 
aperture size of 40.84mm (corresponding to 8 pMUT dies in the 
configuration specified in Section II-A) and an actuation 
frequency of 2.7MHz is computed to be circa 0.2mm when 
considering focusing at 2.5cm above the array. In order for this 
optimum resolution to be achieved, the following 
considerations on the pMUT array design should be taken into 
account: (i) the intra-die spacing should be uniform, and (ii) 
every pMUT die should have a maximum fill-factor to ensure 
that the membrane pitch among dies (of such a multi-die 
pMUT array) remains uniform for the length of the pMUT array 
along its lateral dimension. 

Figure 11 depicts the received time-domain waveform 
obtained at array element 20 for the unfocused methodology, 
whereas Figure 12 depicts the equivalent time-domain 
response for the same array element considering the focused 
imaging method. By comparing Fig. 11 and 12, it can be argued 
that the time-domain waveform for the focused method better 
represents the two reflectors as opposed to the time-domain 
response for the unfocused method. This is attributed to the 
narrow TX beamwidth achieved with the TX beamforming. 

D. Discussion 

Although the current pMUT array and actuation scheme can 
easily achieve high-quality imaging at a distance of 2.5cm, this 
range could be further improved empirically; which we have 
indeed verified. This includes doubling the range to 5cm, 
through the use of higher AC actuation (i.e. 20Vpp) and/or the 
introduction of amplification at the receiving end prior to post-
processing for image reconstruction. However, to extend the 
imaging range further, to say 10cm, the increase of the 
actuation voltage would be higher and/or a lower frequency of 
operation would be considered given that as the wavelength is 
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increased (or frequency decreased) the ultrasound will 
penetrate deeper. Obviously, the change in 

 

Fig. 11. Received time-domain response for the unfocused imaging approach 

 

Fig. 12. Received time-domain response for the focused imaging approach 

frequency of operation would have implications on the design 
characteristics of the array itself. Equally, increasing the 
actuation voltage, through the use of amplification, would pose 
challenges in terms of pMUT elements being burned/damaged 
(as it was again identified empirically). 

Future considerations of this work would also include 

enhancing the lateral resolution towards the theoretical limit 

of 0.2mm. This could be reached through re-design of the 32-

channel pMUT array such that the element pitch of 75μm 

remains constant from channel to channel among the different 

dies used to construct the multi-channel pMUT array. Finally, 

the signal-to-noise ratio (SNR) could also be improved through 

the introduction of more channels in the array; for the 2-row 

8-die arrangement considered here, the definition of 37 

channels per die with 34 membranes each would result in 592 

(37 channels/die × 8 dies/row × 2 rows) received signals 

compared to the 32 received signals in the existing multi-

channel pMUT array arrangement. 

IV. CONCLUSION 

The work presented here aims at filling the gap in the 

literature in immersion imaging at long ranges (>2cm) with 

pMUTs and showcasing the imaging capabilities of a 2D SON 

pMUT array with a 15% Scandium doped Aluminum Nitride 

(ScAlN) thin film. In practice, this work demonstrates the use 

of a 2×16-channel 2.7MHz ScAlN pMUT array for immersion 

pulse-echo imaging using transmit (TX) beamforming (i.e. TX 

focusing) with the proposed 32-channel 2D pMUT array and 

imaging scheme having the ability to resolve adjacent 6mm 

diameter reflectors as close as 5mm defining a milestone in 

lateral resolution at long-range imaging in immersion with 

ScAlN pMUT arrays. This actuation mechanism (TX 

beamforming) provides a significant advantage in lateral 

resolution compared to the case of actuating the array with an 

unfocused excitation waveform. This would be attributed to 

the narrow focus beam-width enabled by TX beamforming. A 

further contributor to the high-quality images claimed in this 

work is the wide -6dB bandwidth (equal to 2.9MHz) that can 

be attained with the aforementioned pMUT array. 

The results presented in this work indicate that the pMUT 
array has great potential for applications towards imaging in 
fluids such as the navigation of autonomous underwater 
vehicles (AUVs) and as a priori information for subsequent 
targeted imaging (i.e., via beam focusing or steering) for 
medical imaging towards detection or targeted therapeutic 
imaging. 
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