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Abstract— Optical detection of sound, using opto-mechanical _ . )

. . . . . T OMUS Piezoelectric [B
micromachined ultrasound sensors (OMUS), is a promising detection .
technology for optoacoustic (OptA) imaging because it achieves a small ’\ — -— D ‘
active detection area, in the few tens of micrometers size, without loss of Y
sensitivity as a function of area size. It also has potential to be produced Optoacoustic _\ Acoustic
as array configurations at low cost. However, while OMUS sensitivity has Microscope Point Source

been reported in terms of noise equivalent pressure density (NEPD), there

has been no comparison to conventional piezoelectric transducers under identical conditions. We differentially
compared a highly sensitive ring-resonator-based OMUS and a single element focused piezoelectric ultrasound
transducer (FPUT), under the same experimental conditions. The comparison considered the detectors’ signal-to-noise
ratio (SNR), impulse response, axial point-spread-function and their spatial sensitivity. Our results show that OMUS
attained lower SNR to FPUT, when operating at the same working distance, but similar performance when placed close
to the sample interrogated, for example as it relates to optoacoustic microscopy. Advantageously, OMUS uniquely
offers the spatial behavior of a point-like acoustic detector which reduces the sensitivity to ultrasound interference
effects occurring on the large detection area of FPUTs. We discuss the implications of the two detection approaches

in the design of OptA systems.

Index Terms— Application Characterization, Comparative Characterization, OMUS, Photoacoustic Microscopy,

Photoacoustic Sensing

I.  INTRODUCTION

PTO-MECHANICAL micromachined ultrasound sensors

(OMUS) have emerged as promising detectors for
optoacoustic (OptA) imaging and sensing. All optical detection
of ultrasound achieves sensitivity that is essentially independent
of the detector size and can lead to steep miniaturization over
piezoelectric ultrasound elements [1]. Additionally, advances
in integrated photonics technology have made it possible to
reliably manufacture photonic structures using processes
established in semiconductor mass production [2, 3]. This
development could allow for parallel processing of multiple
OMUS on a single substrate, enabling dense array
configurations and reducing production cost compared to
piezoelectric  transducers. With a noise performance
competitive to that of current state-of-the-art single element
focused piezoelectric ultrasound transducers (FPUTs), the
OMUS technology could become the method of choice in OptA
system implementations.
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Various noise equivalent pressure density (NEPD) values for
opto-mechanical ultrasound sensors [4—16] and piezoelectric
detectors [17, 18] have been reported (see Table I). These
reported values have been used to compare opto-mechanical
sensors among themselves [1, 2, 19-21], as well as against
commercially available piezoelectric transducers [1]. These
comparisons show that OMUS’ absolute NEPD can be
competitive with the NEPD of FPUTs. However, such
comparisons are based on literature values that originate from
different characterization systems and techniques. Theoretical
calculations of the NEPD of the reported most sensitive ring-
resonator-based OMUS show that the OMUS could surpass
piezoelectric  ultrasound transducers in two specific
scenarios [22]. The first scenario is in OptA microscopy and
sensing, if the OMUS can be placed close to the acoustic source
(less than 0.2 mm to 2 mm in distance, depending to which
conventional transducer it is compared). The second scenario is
in OptA tomography, if the spatial Nyquist criterion limits the
largest possible size of individual detector elements in a
transducer element array (which is shown theoretically to occur
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for arrays of the OMUS with half-wavelength element pitch at
acoustic frequencies higher than 2.5 MHz). However, without
knowing a piezoelectric transducer’s exact physical parameters
in order to make these calculations, a true comparison between
the OMUS and a piezoelectric transducer is not possible.
Furthermore, electromagnetic interference in the OptA system,
which is not modelled in the calculations, can significantly
undermine a detector’s sensitivity within the system. Despite
this promising outlook, OMUS’s performance has not yet been
compared to the performance of FPUTs under identical
experimental conditions. Thus, it is not yet clear how OMUS’
and FPUTs reported noise performance and sensitivity compare
to each other.

We investigated the performance of the most sensitive
OMUS reported, operating in the frequency range of 3-30 MHz,
which is based on a highly sensitive waveguide arrangement
that implements a membrane suspended above a ring
resonator [16], a design that is miniaturized (11 um ring
diameter) and can be mass-produced for widespread use in
OptA imaging [16, 23]. To compare the OMUS in the context
of OptA imaging of microvasculature, we further investigated
the performance of three FPUTs that could be used in raster
scan optoacoustic mesoscopy (RSOM), including two
broadband Lithium Niobate (LiNbO3) transducers with center
frequencies of 25 MHz and 50 MHz respectively, as well as a
less broadband 25 MHz piezocomposite transducer to match
the center frequency and bandwidth of the OMUS. RSOM, one
of the most commonly used OptA imaging modalities in large
medical studies [24, 25], visualizes microvasculature in skin
and typically operates in the frequency range of 10-40 MHz to
visualize larger vessels, as well as in the range of 40-120 MHz
for visualization of small features like capillary loops or
melanin deposits [26-29].

In previous reports, the OMUS was characterized using a
planar acoustic wave generated by a 3 mm wide planar
piezoelectric transducer [16], which is a wvalid noise
characterization method for a point-like detector [30]. Unlike
OMUS, FPUTs are affected by interference, due to their large
detection area, when excited with a wavefront that is not
spherical or not originating from the FPUTs’ focal point [31].
Hence, noise characterization with an acoustic point source is
necessary. Furthermore, sampling the spatial impulse response
of an ultrasound detector requires the use of acoustic sources
that are smaller than the detectors’ acoustic focus, i.e., sub-
resolution, and more broadband than the detectors’ frequency
response [30, 32]. Thus, to accurately compare OMUS and
FPUTs, both must be characterized using the same sub-
resolution broadband acoustic point source.

We hypothesize that characterizing an OMUS and FPUTs
within the same OptA system using the same broadband
acoustic point source would result in a valid comparison
between these detector elements, allowing us to determine
whether and under what circumstances the OMUS performs
better than FPUTs for OptA imaging and sensing.

Here, we present a detailed comparison between the most
sensitive ring-resonator-based OMUS and FPUTs, the current

state-of-the-art ultrasound sensors for OptA microscopy and
sensing, under the same conditions using the same broadband
acoustic point source. We discuss when replacing a FPUT with
an OMUS could be a valid option to bring down OptA system
cost, advancing adoption of OptA technology in medical
research and practice.

Il. METHODS

A. Experimental Setup

The broadband acoustic point source used to characterize the
OMUS and the FPUTs was created in a custom optical
resolution OptA microscope, using the OptA effect (Fig. 1).
Light from a diode pumped solid state laser (Flare PQ HP GR
2k-500, Innolight, Germany) with a wavelength of 515 nm,
repetition rate of 1.2 kHz and a pulse width of 1.2 ns was first
adjusted in its power using a neutral density filter as well as a
combination of a rotating polarizer and a polarizing beam
splitter, to provide sufficient acoustic pressure for the
characterization measurements while still operating the OMUS
in a linear regime. After spatially cleaning and expanding the
beam with a telescope, the light was focused onto a 110 pm thin
black vinyl tape by means of the microscope objective (PLN
10x, NA 0.25; Olympus, Germany). The average power before
the objective was measured to be approximately 200 uW using
a power meter with a photodiode sensor (PM100D S120C,
Thorlabs, Germany).

The optical readout circuit for the OMUS was realized using
a continuous wave laser (Intun TLX-1550B, Thorlabs,
Germany) with a wavelength tuning range of 1520-1630 nm
and a linewidth of 150 kHz. The laser’s output was coupled to
the OMUS chip via a fiber polarization controller (FPC032,
Thorlabs, Germany) and a circulator configured as an optical
isolator (CIR1550PM-APC, Thorlabs, Germany). The light
transmitted through the OMUS chip was detected by a balanced
photodetector (PDB480C, Thorlabs, Germany) and the signal
was digitized using a data acquisition card (CS12502, GaGe,
USA) interfaced by custom MATLAB code. A silicon
photodiode (DET36A, Thorlabs, Germany) detecting scattered
light from the diode pumped solid state laser provided a trigger
pulse for the acquisition. In the case of the FPUTs, the optical
readout circuit was replaced by a bias-tee to supply the
transducers’ internal pre-amplifier. The signal output of the
bias-tee was directly connected to the acquisition card.

B. Ultrasound Detectors

The FPUTs used for the comparison were custom-made
spherically focused transducers with either a piezocomposite or
a LiNDbOs sensitive element and an integrated 30 dB amplifier.
Nominal center frequencies were 25MHz for the
piezocomposite transducer and for the two LiNbOs transducers
25MHz and 50 MHz, respectively. The piezocomposite
transducer was geometrically focused while the LiNbOs
transducers were focused by an acoustic lens. Each transducer
provided a 4 mm focal length as well as a 4 mm wide aperture.
The OMUS sample used for the comparison was a device of
20 um diameter provided by IMEC (Leuven, Belgium). The
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OMUS chip was fixed on an aluminum submount to provide
acoustic backing. A detailed description of the OMUS used for
this study as well as the optical readout scheme can be found
elsewhere [16].

C. Impulse Response and Signal-to-Noise Ratio

For the impulse response and signal-to-noise ratio (SNR)
measurements, the detectors were acoustically coupled to the
broadband acoustic point source by water in a basin. The
position of the detectors relative to the point source was
adjusted by optimizing the OptA signal amplitude in a raster-
scan in the X-Y-Z (FPUT) or X-Y (OMUS) coordinate planes.
While the axial distance of the FPUTs to the point source was
chosen by signal optimization because of the focused nature of
the FPUTs, the OMUS was placed at an axial distance matching
the 4 mm working distance of the FPUTs. 100 000 raw OptA
A-Lines were recorded for all detectors. To estimate the axial
point spread function (PSF), all transients were averaged and
the magnitude of the analytic signal for the transients was
calculated to create a signal envelope, respectively. The width
of the PSF was subsequently estimated as the full-width-half-
maximum (FWHM) of the signal envelope, which was mapped
from a time-difference At to the width of the PSF wpgr by
assuming a speed of sound cgps of 1500 m/s as

Wpsp = At Csps. ey

For the SNR estimation, the signal component was isolated
by applying a rectangular window function only to the
transients within the raw A-Lines, while the noise component
was isolated by applying a rectangular window function to the
system noise preceding the transients. The power spectral
density (PSD) was then calculated by use of Welch’s method
and the SNR was determined as

_ P SDSig OC) )

SNR(f) = 10dB log,, (PSDNoise ) 2)

with PSDg;, (f) and PSDys. (f) as the frequency resolved

PSD of the signal- and noise-components, respectively. The

frequency of highest SNR was subsequently determined for
every transducer.

D. Spatial Sensitivity Measurements

For the spatial sensitivity measurements, the detectors were
acoustically coupled and aligned as described for the impulse
response and SNR measurements. The detectors were
subsequently scanned along the X and Z axes in 10 um steps for
a total of 800 pm in each direction. For each position, 150 A-
Lines were recorded and averaged. The signal intensity for each
position was determined as the maximum value of the signal
envelope calculated by determining the magnitude of the
analytic signal.

E. Extrapolating the OMUS’ SNR close to the Acoustic
Source

The OMUS’ SNR in close proximity to the acoustic source

was extrapolated from the peak SNR measurement of
section II-C. The pressure p of a spherical wave relates to the
distance r to the acoustic source as [22]

p o< 1/r. 3)

Assuming a spherical wave and assuming the OMUS to be a
point-like pressure detector, the measured signal amplitude V
of the OMUS relates to the pressure p and thus the distance to
the acoustic source r as

V «px1/r. (4)

The improvement in SNR at distance r to the source was
determined as

ASNR, = SNR, — SNR,, = 20dB log,(r,/r)  (5)

relative to the peak SNR measured at distance 15, SNR;, .

F. Imaging Experiment on Mouse Ear ex-vivo

For the imaging experiment, the detectors were aligned using
a broadband acoustic point source before inserting a mouse ear,
which was fixed to a microscopy slide, into the microscope. The
OMUS was operated at a working distance of approximately
4 mm. Acoustic coupling to the sample was achieved using a
drop of water. After selecting a region of interest, the sample
was raster-scanned in the X-Y plane in 10 um steps to cover a
field of view of 500 pm x 500 pm. For image formation, the
signal intensity for each position was determined as the peak-
to-peak amplitude of the OptA signal. To calculate a contrast-
to-noise ratio (CNR), we selected a 50 um x 50 um region
inside a high-intensity feature along with a second square
region of identical size that was assumed to contain only
background noise. The CNR was subsequently determined as

CNR = XFeature - XNoise (6)

OnNoise

with Xpegeure and Xyoise being the mean intensities within
the corresponding regions and oy,is being the standard
deviation of the noise region.

For each micrograph, a B-plane was extracted to create side-
view images. The B-plane image was formed by plotting the
analytic signal’s magnitude for each A-line within the B-plane.

The mouse ear was taken in secondary use from a recently
sacrificed, approximately 8 week-old female athymic nude
mouse, Crl:NU(NCr)-Foxnlnu (Charles River Laboratories,
Sulzfeld, Germany).

lll. RESULTS

A. The OMUS has lower SNR than the FPUTs and
offers limited axial resolution

To provide a valid comparison between the detector
elements, we characterized the OMUS as well as three different
FPUTs using the same broadband acoustic point source in an
optical resolution OptA microscope (see section II-A). All
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detectors were operated at a comparable working distance.
Fig. 2 shows a comparison between the impulse response of the
OMUS and the FPUTs. Fig. 2a depicts raw OptA transients
(single shot), while Fig.2b depicts the impulse response
calculated after averaging to remove uncorrelated noise.
Additionally, Fig. 2b shows an estimate of the axial acoustic
PSF, which was determined by calculating the magnitude of the
analytic signal of the averaged signal transients. Assuming a
speed of sound in water of 1500 m/s, the width of the PSF was
estimated as the FWHM of the magnitude of the analytic signal,
yielding a PSF with a width of 135 um for the OMUS and PSFs
with widths between 18-66 um for the FPUTs. The wider PSF
of the OMUS would lead to limited axial resolution in an OptA
system when the OMUS is used as a detector. Furthermore the
data plotted in Fig. 2a suggest that the raw OptA transient
recorded by the OMUS is significantly noisier when compared
to the transients recorded by the FPUTs.

In Fig. 3, we show a more sophisticated comparison of the
noise performance of the individual detectors by comparing the
PSD of the raw transient with the PSD of noise preceding the
transient. Fig. 3a shows the PSD of the impulse response as well
as the peak SNR of the OMUS in the frequency domain, while
Figs. 3b-d show the PSDs and peak SNRs of the three FPUTs,
also in the frequency domain. The OMUS shows a peak SNR
of 11 dB, while the peak SNRs of the FPUTs range from 23-
36 dB. In contrast to the flat noise floor of the FPUTs, the PSD
of the OMUS’ noise- and signal-components clearly follow the
same underlying systematics, indicating that the OMUS is
limited by acoustomechanical noise. Furthermore, the
bandwidths of the FPUTs in the frequency domain correlate
well with the PSF results from Fig. 2b with the more broadband
transducers providing the tighter PSF.

B. The OMUS offers the spatial characteristics of a
point-like detector

Fig. 4 compares the spatial characteristics of the OMUS and
the FPUTs. Fig. 4a shows slices through the sensitivity field of
the three FPUTs tested in this study. Fig. 4b depicts the lateral
sensitivity of the three FPUTs and the OMUS, while Fig. 4c
depicts the axial sensitivity of all four detectors. The
geometrically-focused 25 MHz piezocomposite transducer
produces an acoustic focus that is broader laterally and longer
axially than that of the lens-focused LiNbOs transducers. The
axial extension of the acoustic focus of both LiNbOs
transducers is comparable. However, in agreement with the
focusing limit of acoustic diffraction, the lateral dimension of
the acoustic focus decreases as the center frequency and
bandwidth of the transducer increases. In contrast, the OMUS
acts as a point-like detector with a sensitivity that is barely
dependent on the position of the acoustic point source relative
to the detector. In these measurements, the OMUS was placed
at the same working distance (~4 mm) as the FPUTs.

Because the OMUS functions as a point-like detector, it does
not rely on a focusing mechanism and thus can provide
measurements of signal amplitude that are essentially
insensitive to small changes in distance between the acoustic
source and the detector. We can also exploit the point-like
behaviour of the OMUS by bringing it very close to the acoustic
source, increasing its SNR. Fig. 5 extrapolates the OMUS’ peak

SNR obtained in the measurements of Fig.3 under the
assumption of a point-detector and a spherical wave created by
the acoustic point source. Under those assumptions, we show
that when placed close to the acoustic source, the OMUS could
potentially outperform the peak SNRs of all three FPUTs,
which are bound to their focusing distances. The SNR crossover
point, i.e. the distance at which the OMUS starts outperforming
the individual FPUTs, lies between 0.2 mm to 1.0 mm,
depending on the respective FPUT to which it is compared.

C. OMUS and FPUT perform comparably in optical
resolution OptA microscopy

Fig. 6 compares two micrographs of vasculature inside a
mouse ear recorded ex-vivo using either the OMUS operated at
a long working distance (Fig.6a) or the 25MHz
piezocomposite FPUT (Fig. 6b), which is the FPUT most
similar to the OMUS in frequency response. The lower peak
SNR of the OMUS likely contributes to the loss of small, low-
intensity features in the OMUS micrograph compared to the
FPUT micrograph (red arrows). Quantifying this decrease in
contrast by calculating a contrast-to-noise ratio (CNR) between
the vessel and the background next to the vessel yields a CNR
of 74 for the OMUS and a CNR of 194 for the FPUT. However,
even with the lower CNR of the OMUS, the features visible in
both micrographs are essentially comparable.

Side views acquired at the middle of the micrographs show
that the OMUS (Fig. 6¢), due to its lower bandwidth and
consequent wider PSF, smooths axial features more than the
FPUT (Fig. 6d). The FPUT shows lower signal intensity in
deeper vessels due to its limited depth-of-field. In contrast, the
OMUS, being a point-like detector, has a larger depth-of-field,
resulting in signal intensities that are less affected by vessel
depth.

D. Summary of characterization results

Table II summarizes the characterization results obtained
from the individual sensors. Although the OMUS has an active
area several orders of magnitude smaller than that of the
FPUTs, its SNR is at most 25 dB lower, corresponding to
approximately one order of magnitude difference in signal
amplitude. As a membrane-based device working near its
fundamental acousto-mechanical resonance, the OMUS shows
a lower fractional bandwidth compared to the FPUTSs. The axial
PSF of the OMUS is 2 times wider compared to the 25 MHz
piezocomposite transducer and 4 times wider compared to the
25 MHz LiNbO3 transducer.

A comparison among the FPUTs shows that the
piezocomposite detector exhibits up to 13 dB higher SNR,
albeit at the cost of up to 73% lower fractional bandwidth,
translating to a 4 times wider axial PSF. Additionally, the
piezocomposite detector exhibits the largest acoustic focus,
with a focal length and width up to double that of the LiNbO3
transducers.

IV. DISCUSSION

In this work, we compared a ring-resonator-based OMUS
and three FPUTs using the same experimental arrangement and
broadband acoustic point source. We observed that the FPUTs
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and the OMUS exhibited strong differences in noise
performance as well as in spatial sensitivity. However, when
implemented within the same optical resolution OptA
microscopy setup, the micrographs recorded using the
individual detectors were essentially comparable. Our study
represents the first valid experimental comparison between this
OMUS and the state-of-the-art FPUTs for OptA microscopy
and sensing. The work provides a framework for system
designers, enabling them to balance scientific requirements
with physical and financial limitations in order to make
informed decisions about which detector to implement in a
particular OptA system.

When characterized using the same broadband acoustic point
source, the OMUS showed a wider axial PSF, i.e., lower axial
resolution, than the FPUTs. These results suggest that a FPUT
is better suited for systems that require high axial resolution.
The limited axial resolution for the OMUS when compared to
the FPUTs is partially expected based on estimates of axial
resolution from the OMUS’s developers, who report a
16.4 MHz full FWHM bandwidth for their device [16],
enabling an axial resolution of ~80 um (wpgr = 0.88 ¢/B;
wesr: FWHM of point spread function, c¢: speed of sound, B:
signal bandwidth [33]). This reported axial resolution is lower
than any of the FPUTs results, however, our measured axial
resolution of 135 um for the OMUS is still lower than
previously reported values [16, 23]. The wider PSF of our
OMUS sample when compared to results from the literature
could be attributed to non-optimal acoustic backing in our
sample, resulting in internal acoustic reflections and thus an
artificially widened PSF. Furthermore, the axial resolution of
the OMUS device could be increased in the future by
optimizing its membrane design, i.e. optimizing the
membrane’s mechanical properties by changing its diameter,
layer thickness as well as internal stress [23].

We further observed that when operated at a long working
distance (i.e., at a similar working distance to the FPUTs), the
sensitivity of the OMUS was barely dependent on the position
of the acoustic source relative to the detector. Thus, the OMUS
behaves as a point-like detector, which is expected considering
its small dimensions relative to the acoustic wavelengths to
which it is sensitive. The observed insensitivity of the OMUS
to displacements matches previous characterization results
which report a signal intensity within a 30 % tolerance window
for angles of incidence up to 60° [16], and makes the OMUS
well suited for OptA systems implementing an off-axis
configuration, e.g., for large field-of-view microscopy with a
stationary detector [34, 35]. The OMUS would also be ideal for
depth-of-field optimized microscopy systems using elongated
needle-shaped beams, as the long needle-shaped optical focus
often does not match the short acoustic focus of typical
FPUTs [36, 37].

However, at such long working distances, the OMUS
displayed a lower peak SNR compared to the FPUTs. Thus, if
an OptA system requires high SNR and relies on a larger
acoustic working distance, FPUTs are better suited as detectors.
In contrast to FPUTs, which are sensitive to noise contributions
from their focal volume, the OMUS as an omnidirectional
sensor effectively couples to all noise contributions in the half-

space above the sensor, decreasing the OMUS’ SNR.
Furthermore, the limited SNR of the OMUS is consistent with
theoretical calculations which suggest that the OMUS is only
able to surpass FPUTs in NEPD when operated closer than
2mm from a point-like source [22]. Indeed, when we
extrapolated from our measured data, we found that the SNR of
the OMUS increased with shorter distances to the acoustic
source, surpassing the best possible peak SNR of the individual
FPUTs at distances ranging from 0.2 mm to 1.0 mm to the
acoustic source, depending on the specific FPUT. The
crossover distance for the tested FPUTs thus lay within the
theoretical interval given in the literature (Fig.5). This
enhanced SNR at short distances to the acoustic source could
progress fields where reduced noise levels are of great
importance, e.g., in non-invasive OptA monitoring of
metabolites [38].

When integrated into the same optical resolution OptA
microscopy setup, micrographs obtained by the OMUS
displayed a lower CNR than micrographs obtained using the
FPUT most comparable to the OMUS (25 MHz
piezocomposite, Fig. 6). We further observed that micrographs
recorded with the OMUS lost small, low intensity features,
which were visible in the micrograph obtained using the FPUT.
However, for larger, high-contrast features, micrographs
recorded using the OMUS and the FPUT were essentially
comparable. As the lateral resolution in optical resolution OptA
microscopy is determined by the optical system, comparable
lateral resolution of the micrographs is expected. The difference
in CNR can be attributed to the OMUS’ lower SNR, while the
loss of small features when using the OMUS can be explained
by a combination of the OMUS’ lower SNR and limited
bandwidth. Small features result in high-frequency
components, to which OMUS is less sensitive when compared
to the more broadband FPUT. This suggests that systems,
targeting such small, low intensity features will profit from
integrating an FPUT, but systems targeting larger features can
use an OMUS to acquire functionally comparable micrographs.

The OMUS achieves a comparable sensitivity with a
detection area that is multiple orders of magnitude smaller than
that of piezoelectric detectors, whose sensitivity is proportional
to their respective detection area. Despite the significant
difference in size, the OMUS exhibits a NEPD only 1 to 2
orders of magnitude higher than those of commercially
available and recently reported piezoelectric detectors (see
Table I).

Compared among recently reported photonic ultrasound
detectors, the silicon OMUS detector characterized in this study
achieves the lowest NEPD, although it displays a smaller
fractional bandwidth (see Table I). The limited bandwidth of
the OMUS stems from the high acousto-mechanical quality
factor of its internal membrane when operated in liquid, a
characteristic that is absent in the other photonic detectors.
Additionally, ring resonator-based photonic ultrasound
detectors like OMUS can be easily arranged in two-dimensional
arrays, which is not straightforward for Bragg grating-based
systems [5, 12]. Furthermore, silicon photonics technology
benefits from compatibility with standard complementary
metal-oxide semiconductor (CMOS) fabrication infrastructure,

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2025.3594425

First Author et al.: Title

offering scalability and cost advantages that are not easily
achieved with more exotic materials such as chalcogenides
[11]. While photonic ultrasound sensors based on silicon nitride
ring resonators have also been demonstrated [10], they have yet
to achieve the NEPD values reported for the silicon based
OMUS characterized in this work [16].

State-of-the-art piezoelectric optoacoustic detectors typically
require only the integration of a pre-amplifier, allowing direct
connection to a high-sample-rate data acquisition system via a
50-Ohm cable, without significantly altering the sensitivity. In
contrast, current opto-mechanical ultrasound sensors still rely
on high-end and expensive benchtop lasers and photodetectors
for a read-out, as the indirect band gaps of silicon prohibit
efficient lasing. Over the past few decades, several approaches
for introducing III/V materials for light emission in silicon
photonics have been investigated, including hybrid integration
using wafer bonding, flip-chip technology, micro-transfer
printing (WTP), and monolithic integration by hetero-epitaxial
growth [39]. While pTP has been available in laboratory
settings for over a decade, it is now approaching maturity for
use in mass-produced photonic devices [40]. Additionally,
recent advancements have shown full wafer-scale fabrication of
GaAs-based nano-ridge lasers [41]. The large-scale integration
of lasers and detectors will enable future on-chip photonic read-
out and signal conversion and significantly reduce system
complexity when using opto-mechanical ultrasound detection.

Our study provides the first experimental comparison of the
OMUS and a comparable FPUT in an optical resolution OptA
microscopy setting, instead of inferring imaging performance
from NEPD values published in the literature. However, while
our results apply in an optical resolution OptA microscopy
setting, they might not be directly translatable to other
applications like OptA tomography. This can be addressed in
future studies which perform dedicated characterizations and
comparisons for other targeted applications. For example, the
OMUS could be promising for optical resolution OptA
microscopy using mid-infrared light sources. OptA mid-
infrared spectroscopy typically suffers from the low output
power of quantum cascade lasers, which could be compensated
for by leveraging the superior SNR of the OMUS when
operated at a short working distance. Additionally, the superior
SNR of the OMUS when placed close to the acoustic source has
only been shown under the assumption that both the detector
and the acoustic source are point-like. A dedicated
characterization close to the acoustic near-field could
experimentally validate this extrapolation.

V. CONCLUSION

In summary, while the OMUS exhibits a lower SNR and
reduced axial resolution compared to FPUTs under certain
conditions, its performance in the same OptA system is
essentially comparable. As such, the limitations of OMUS may
be outweighed by its physical and cost advantages.

Given the scalability of OMUS production, its integration
could enable the widespread adoption of OptA systems in
clinical settings by considerably reducing the cost of OptA
systems. Furthermore, potential for high SNR and the compact

size of OMUS make it well-suited for incorporating into high-
density detector arrays. This could enable breakthroughs in
currently challenging applications, such as functional brain
imaging through the skull or non-invasive measurements of
metabolites in the skin.
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Fig. 1. (a) Schematic representation and (b) photograph of the optical
resolution optoacoustic microscope used to create a broadband
acoustic point source by focusing light pulses onto a thin vinyl tape. (c)
The optical readout system used to interface with the opto-mechanical
micromachined ultrasound sensor (OMUS) is shown as a schematic.
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micromachined ultrasound sensor (OMUS) and three single element
focused piezoelectric ultrasound transducers (FPUTSs) in the frequency
domain. (a): OMUS, (b): 25 MHz piezocomposite, (c): 25 MHz LiNbQOs,
(d): 50 MHz LiNbOs. The power spectral density (PSD) of the raw
optoacoustic transients plotted in Fig. 2a (solid lines) as well as system
noise preceding every transient (dashed lines) are shown. Frequencies
with the highest signal-to-noise ratio (SNR) are marked and their
respective SNR values given.
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Fig. 2. Impulse response measurements of an opto-mechanical . ii) . i
micromachined ultrasound sensor (OMUS) and three single element = r' 4 = Ve
focused piezoelectric ultrasound transducers (FPUTS) in the time = 0.10 4 o i) = 0.10 4 i)
domain. i: OMUS, ii: 25 MHz piezocomposite, iii: 50 MHz LiNbOs, iv: € € r' 4
25 MHz LiNbOs. (a) Raw impulse response measurements (b) averaged g 0.05 iv) g 0.05 iv)
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spread function (PSF) of both the OMUS and FPUTSs (dashed lines). The o ®)
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Fig. 5. Extrapolated signal-to-noise ratio (SNR) crossover point of an
opto-mechanical micromachined ultrasound sensor (OMUS) and
different single element focused piezoelectric ultrasound transducers
(FPUTs). Extrapolating the OMUS’ SNR from the peak SNR
measurement (Fig. 3a) shows that the OMUS’ SNR could potentially
increase close to the acoustic source, surpassing the best possible peak
SNR of the FPUTSs at crossover-distances between 0.2 mm and 1.0 mm,
depending on the specific FPUT.
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Fig. 6. Micrographs of mouse ear vasculature recorded ex-vivo using
either (a) an opto-mechanical micromachined ultrasound sensor
(OMUS) or (b) a 25 MHz piezocomposite single element focused
piezoelectric ultrasound transducer (FPUT) as detectors within an
optical resolution optoacoustic microscope. Small microvasculature,
which is clearly visible using the FPUT (indicated by red arrows) is nearly
lost in the noise when imaged using the OMUS. Red squares mark the
regions used for contrast-to-noise ratio (CNR) calculations. Side views
created from B-planes taken along the dashed arrows in panels (a) and
(b) show how the (c) OMUS’ limited bandwidth results in stronger axial
smoothing compared to the (d) FPUT. Acoustic reflection due to the
microscopy slide creates an axial mirror image of the vessel. Scale bars
are 100 um.

TABLE |
COMPARISON OF THE OPTO-MECHANICAL MICROMACHINED ULTRASOUND
SENSOR (OMUS) TO OTHER DETECTORS

Type App[igi;i? - [Mfﬁ[z] F[—i\]JV [mT’E/]:EIz] Ref.
3.1-10* 26 63 13
OMUS [16]
1.8-10* 44 86 23
Photonic detectors from recent publications
n-WBG 1.0 107 ~120 | ~192 9.0 [12]
1-WBG 7.7- 10" 100 150 2.2 [5]
Chalcogenide MRR | 1.3 -107 ~95 ~184 2.2 [11]
SiN MRR 71-10% | ~74 | ~155 7.0 [10]
Piezoelectric detectors from recent publications
PVDF-TrFE 28.3 ~17 ~200 ~0.17
PVDF 28.3 ~19 ~200 ~0.30 el
LiNbOs; 31.0 30 21 0.058
LiNbO; 31.0 30 64 0.058 1
Commercially available piezoelectric detectors from Olympus
V212-BC-RM 28.0 20 187 0.19
V324-SU 28.0 25 30 0.10 [18]
V214-BC-RM 28.0 50 80 0.19

Values marked with “~” were extracted from graphs or estimated
from other reported values. (Approx.: approximate, fc: center
frequency, F-BW: fractional bandwidth, NEPD: noise equivalent

pressure density, Ref.: reference, WBG: waveguide Bragg grating,
MRR: microring resonator, SiN: silicon nitride, PVDF: polyvinylidene
fluoride, TrFE: trifluoroethylene, LiNbOa: lithium niobate)

TABLE Il
SUMMARY OF CHARACTERIZATION RESULTS

Characteristic OMUS FPUT 1 FPUT2 FPUT3

Sensitive Element ~ Si-Photonics  Piczocomposite  LiNbO;  LiNbO;

Approx. Active

s ] 0.0003 26.0 12.6 12.6
PSF Width [um] ® 135 66 18 30
SNR [dB] 1 36 23 32
Center Frequency
M) 229 283 63.2 46.2
-6dB Bandwidth
(MEHz] 9.0 19.1 88.5 455
Fractional 393 67.5 1400 985

Bandwidth [%)]
Axial Focus Width omni-

[um]* directional 365.8 2516 2772
Lateral Focus omni-

Width [um]® directional 92.9 548 571

SNR Crossover 021 094 033

Distance [mm)]

2Widths were determined as full-width-half-maximum values.
(OMUS: opto-mechanical micromachined ultrasound sensor, FPUT:
single element focused piezoelectric ultrasound transducer, LiNbOs:
lithium niobate, SNR: signal-to-noise ratio, PSF: point-spread-function)
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