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Abstract: Photoacoustic imaging is a new type of noninvasive, nonradiation imaging modality that
combines the deep penetration of ultrasonic imaging and high specificity of optical imaging. Photoa-
coustic imaging systems employing conventional ultrasonic sensors impose certain constraints such
as obstructions in the optical path, bulky sensor size, complex system configurations, difficult optical
and acoustic alignment, and degradation of signal-to-noise ratio. To overcome these drawbacks, an
ultrasonic sensor in the optically transparent form has been introduced, as it enables direct delivery
of excitation light through the sensors. In recent years, various types of optically transparent ultra-
sonic sensors have been developed for photoacoustic imaging applications, including optics-based
ultrasonic sensors, piezoelectric-based ultrasonic sensors, and microelectromechanical system-based
capacitive micromachined ultrasonic transducers. In this paper, the authors review representative
transparent sensors for photoacoustic imaging applications. In addition, the potential challenges and
future directions of the development of transparent sensors are discussed.

Keywords: transparent ultrasonic sensors; photoacoustic imaging; optical transmittance; photoa-
coustic microscopy

1. Introduction

Photoacoustic imaging (PAI), based on the photoacoustic (PA) effect, is a new type of
noninvasive, nonradiation biomedical imaging modality that has been rapidly developing
in recent years [1,2], as it combines the deep penetration of ultrasonic (US) imaging and the
high specificity of optical imaging. PAI can acquire structural and functional information
from most soft tissues, and provides highly specific tissue and molecular images [3–8]. In
PAI, the biological tissue is irradiated by a pulsed laser within a safe range. A portion of
the optical energy is absorbed by the tissue and converted into heat, resulting in a transient
temperature rise. Periodic temperature changes cause a thermoelastic effect, which excites
high-frequency acoustic waves. A US sensor, also called a US transducer, is often used
to detect the excited high-frequency and wide-band PA signals from the target tissue
irradiated by the laser pulses, which makes it possible to combine rich optical contrast
and deep acoustic penetration beyond the optical diffraction limit [8–12]. To collect PA
signals without too much attenuation, the US sensor should be positioned near the target
tissue [13,14]. Nevertheless, conventional optically opaque US sensors make the effective
delivery of the laser difficult, and can even completely block out light. To allow the laser
to pass through the US sensor directly to the surface of the tissues without much loss,
doughnut-shaped or hollow-shaped US sensors have been developed in PAI [13,15,16].
However, the acoustic sensitivity and focusing ability of the US sensor will be reduced due
to the removal of its central part, and this type of US sensor is too big to obtain a better
spatial resolution comparable with optical microscopy.
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To overcome these drawbacks, a US sensor in the optically transparent form has
been introduced, as it enables direct delivery of excitation light through the sensors. In
recent years, various types of optically transparent US sensors have been developed
for PAI applications. These sensors can be divided into three main categories: optics-
based US sensors, piezoelectric-based US sensors, and microelectromechanical system
(MEMS)-based capacitive micromachined ultrasonic transducers (CMUTs). Optics-based
US sensors mainly include Fabry-Perot (FP) etalons (FP) [17,18], micro-ring resonators
(MRRs) [19–22], and grating-based sensors [23–25]. Transparent piezoelectric-based US
sensors use piezoelectric materials that have sufficient optical transmittance, such as
polyvinylidene fluoride (PVDF) polymer films [26,27] and lithium niobite (LN) single
crystals [28–32]. Transparent CMUT is a new type of optically transparent US sensors,
which has a limited operating frequency (less than 20 MHz) and is expensive due to the
specialized MEMS fabrication techniques [33–35].

In this paper, we aim to review recent advances in transparent sensors for PAI applica-
tions, focusing on various types of transparent US sensors, as well as their corresponding
materials and techniques. In addition, potential challenges and future directions in the
development of transparent sensors are discussed.

2. Transparent Optics-Based US Sensors

The use of optical interference or resonance methods to detect PA signals without
contact has become a hotspot in research on PAI technology in recent years [36–38]. It is also
an effective method to achieve noncontact PA detection and imaging without using acoustic
coupling media. In an optical US detection system, the physical properties of ultrasound
(pressure, displacement) are converted into physical properties of optics (wavelength,
optical path length) through optical interference or resonance, and then all properties are
displayed by voltages. The noncontact and nondestructive characteristics of most types
of optical US detection technology give it broad application prospects in nondestructive
testing and evaluation, and it can perform real-time detection of an object under test in an
environment of radiation, high temperature, and high pressure [8,11]. At the current stage,
common types of optically transparent US sensors are FP interferometer sensors, MRRs,
and grating-based sensors [22–25,39–44]. Optical detection methods have the following
advantages over conventional US detection methods:

• With the good directionality of the laser, FP sensors can achieve long-distance mea-
surement [41,45,46];

• Most FP sensors and MRR sensors are noncontact and so can avoid the error and
pollution caused by the contact between the couplant and the workpiece during
traditional US detection, therefore realizing truly nondestructive testing [37,41,42,47];

• The sensitivity is independent of the detector size, and the bandwidth is much wider;
the transparent nature of the optical detectors simplifies the light delivery in the
system [36,37].

An FP interferometer is made of a thin diaphragm and the optical fiber end-face as
two reflectors. The key component of this technology is the use of an especially made FP
interferometer film, which can convert the weak vibration of the PA signal into the micro
displacement of the film with the cavity length changing, and then can be demodulated by
optical interference. The technology can penetrate to a depth of several millimeters with
a lateral resolution of tens to hundreds of microns [46,48,49]. FP sensors have plenty of
advantages including not being subject to electromagnetic interference, a high-frequency
response, small size, etc. In recent years, various kinds of materials can be used as the mir-
rors in the FP cavity, such as silica, silver, and graphene. The sensitivity of the sensor can be
improved using a smaller thickness and larger diameter of diaphragm [40–42,45,46,48–50].
In some studies, the introduction of MEMS technology can produce diaphragms with a
smaller thickness and a smaller diameter to achieve a higher detection frequency. Ashjenazi
et al. used vacuum evaporation of a thin gold layer as the first mirror, then spin-coating of
a polymer layer (SU-8 photoresist) to form the diaphragm, then another gold evaporation
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as the second mirror. The total thickness of the FP sensor is 10 µm. The FP sensor is manu-
factured on a glass substrate, which has a detection signal:noise ratio (SNR) better than
piezoelectric-based sensors over 100 MHz bandwidth. The noise equivalent pressure (NEP)
of the FP sensor is 0.2 Pa/

√
Hz over a 50 MHz band [40]. This proves that the FP sensor

is a promising alternative to piezoelectric detection in high-resolution PAI applications.
Pham et al. fabricated a FP sensor, which consists of two highly reflecting dichroic mirrors
separated by a 20 µm thick spacer made of Parylene C. Most of the range of frequency
attenuation in the transmission process in the carbon nanotube polydimethylsiloxane
(CNT-PDMS) film is relatively weak; for example, a 100 µm film attenuates frequencies up
to 22 MHz by less than 1.7 dB [39]. The FP sensor also uses the CNT-PDMS composite film
as the US transmitting layer for pulse-echo imaging [41]. The −6 dB bandwidth of the FP
sensor is 22 MHz, which is a much wider bandwidth than for conventional piezoelectric-
based US detectors. In addition, the sensor has higher resolution for tissue imaging and
better image quality than conventional piezoelectric-based US scanners. It can achieve
high resolution in tissue up to depth of 10 mm in vivo PAI [41]. Zhang et al. fabricated a
FP sensor, which is composed of a 38 µm thick Parylene C film, two dichroic mirrors, and a
polymethylmethacrylate (PMMA) backing stub. The wedge-shaped PMMA backing stub
is used to eliminate the parasitic interference between the light reflected from its upper
surface and the FP sensor. The schematic of the FP sensor is shown in Figure 1a. The
−3 dB FP sensor bandwidth of the FP sensor is 22 MHz, and the measured noise equivalent
pressure of the FP sensor is 210 Pa over a 20 MHz measurement bandwidth. Figure 1b–d
shows other typical FP sensors, which are all made of various polymer materials. The
above research proved that FP sensors with a polymer film as the spacer can provide broad-
frequency responses of the order of several tens of megahertz and have high sensitivity
comparable to piezoelectric-based sensors.

MRR is another sensor to detect US waves, which is composed of a close bus waveg-
uide and a ring-shaped resonator separated by a low dielectric gap. The principle for
detecting US is as follows: The US wave will cause the deformation of the ring resonator,
which will cause a change in the effective optical path length and then a shift in the
resonance frequency. Changes will be detected by a photodiode or a wavelength meter
to deduce information about the US signals [22,37,43,44,47]. MRR has plenty of unique
advantages as follows:

• The use of sub-millimeter size MRR can achieve high-sensitivity US wave detection
because the effective optical path length of the system is amplified by several orders
of magnitude through strong optical resonance, which can minimize the interference
to the optical path of the optical microscope system;

• MRR provides a wider US wave detection bandwidth, therefore improving the satura-
tion limit and axial resolution of functional PAI. The optical frequency is much higher
than the US frequency, so the MRR can still provide a significantly wider detection
bandwidth compared with conventional piezoelectric-based sensors;

• The miniaturized MRR detector allows sensitive US detection within a larger detection
angle, which is beneficial to increase the field of view in the laser scanning PAI
system [36,37,54,55].

The design of an MRR detector is shown in Figure 1e [54] and Figure 1f [20].
Li et al. designed a miniaturized optical transparent MRR to detect US waves [22]. The
MRR consists of a circular and a matching bus waveguide, which is fabricated on a fused
quartz coverslip. The total thickness of the device is 250 µm. The axial resolution of the
MRR is 5.3 µm. The device has a high sensitivity (~6.8 Pa) over a wide receiving angle with
a bandwidth of 140 MHz. Moreover, compared to the conventional piezoelectric-based
sensors, MRR can nearly double the PA saturation limit. Chao et al. chose polystyrene
as the waveguide material, which gave the MRR high sensitivity due to the low Young’s
modulus of the polystyrene [43]. The waveguides of the MRR are 2.4 µm wide and 1.85 µm
height and are operated at an optical waveguide length of 1550 nm. The NEP is about
150 kPa with a 40 MHz bandwidth. Zhang et al. proposed an MRR sensor with unprece-
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dented broad bandwidth response from DC to ~350 MHz at −3 dB and an ultralow noise
equivalent pressure of 105 Pa in this frequency range. The axial resolution in the PAI will
be improved to sub-3 µm due to the ultrabroad frequency response and the ultrahigh
sensitivity. The MRR also uses polystyrene as a waveguide material, and the size is 69 µm
diameter and 1.4 µm height [44]. The reports prove that the polymer MRR is a promising
sensor for applications in PAI due to its ultrabroad bandwidth and high sensitivity.

Figure 1. (a) Schematic of FP sensor head (upper left), photograph of sensor head (lower left), and
FP sensor frequency response (right). Adapted with permission from ref. [42]. Copyright 2008
Optical Society of America; (b) The configuration of FP interferometers (upper left), the glancing
angle deposited nanostructured film (GLAD) FP US sensor (upper right), GLAD- FP US sensor
frequency response (bottom). Adapted with permission from ref. [51]. Copyright 2013 Optical Society
of America; (c) Schematic of FP US sensor head (top), predicted normalized frequency response
characteristics of 40 µm parylene and 75 µm PET sensors (bottom). PET: Polyethylene terephthalate,
PMMA: polymethylmethacrylate. Adapted with permission from ref. [52]. Copyright 2005 Institute
of Electrical and Electronics Engineers; (d) Schematic of the FPI sensing structure deposited at the
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tip of the optical fiber (left), measured frequency responses of three typical fiber-optic hydrophones
(right). Adapted with permission from ref. [53]. Copyright 2009 Acoustical Society of America;
(e) Scanning electron images of Micro-ring resonator (top), the detected US signals by MRR US
sensor (bottom). Adapted with permission from ref. [54]. Copyright 2017 Society of Photo-Optical
Instrumentation Engineers; (f) Illustration of MRR detection of laser-induced PA waves (left); a
representative transmission spectrum exhibits a pronounced resonance dip under the critical coupling
condition and its corresponding Lorenz fitting (middle); time-resolved PA pulse signal measured by
the MRR US detector (upper right); its corresponding power spectrum shows an ultrabroadband
frequency response (lower right). Adapted with permission from ref. [20]. Copyright 2015 Optical
Society of America; (g) Experimental setup for ultrasound detection with a fiber laser sensor (top),
record signals in response to spherical ultrasound waves (middle), measure and calculated frequency
responses (bottom). PD: Photodetector, L: Lens, WDM: Wavelength-division multiplexer. Adapted
with permission from ref. [23]. Copyright 2017 Optical Society of America; (h) A SWED read-out
system (upper left), schematic of a single SWED (lower left), long-term detection stability of the
SWED (lower middle), and spectral responses of SWEDs (right). SWED: point-like silicon waveguide-
etalon detector, BOX indicates the silicon-oxide substrate of the silicon waveguide. Adapted with
permission from ref. [25]. Copyright 2020 Nature Publishing Group.

The grating-based sensor is a major type of optical detection, which is mainly com-
posed of Bragg gratings and a laser cavity [25]. When the ultrasonic wave hits the sensors,
the birefringence caused by the stress will cause a frequency shift of the beat signal,
which can be detected based on I/Q phase demodulation [24]. The grating-based sensors
have a high sensitivity per unit area, electromagnetic interference (EMI) immunity, and
wide frequency bandwidth [24,36,37]. The design of a grating-based sensor is shown in
Figure 1g [23] and Figure 1h [25]. Bai et al. manufactured an optical US sensor, which is
made of two highly reflective ultraviolet-inscribed Bragg gratings in a single mode fiber
(12 µm in diameter) to form a laser cavity [23]. On account of the broadband frequency
response and the common-mode cancellation, the sensor can resist vibration and temper-
ature changes [23,56]. The NEP of the sensor is 45 Pa with a sampling rate of 100 MHz
and the −3 dB bandwidth is 18 MHz [23]. Shnaiderman et al. designed a point-like silicon
waveguide-etalon detector (SWED) by exploiting the high-throughput fabrication tech-
niques that are used in the semiconductor industry [25]. They made a single continuous
silicon waveguide divided into four sections: an Ag layer, a spacer, a cavity, and a Bragg
grating. The optical sensor is small, with a sensing area of only 220 nm by 500 nm. The
−6 dB bandwidth is 230 MHz. The NEP of the SWED is 45 mPa/

√
Hz over a 25 MHz band-

width [25]. According to the reports, the grating-based sensors have a broad bandwidth
and miniature size compared to piezoelectric-based US sensors, which are very important
in PAI.

3. Transparent Piezoelectric-Based US Sensors

Piezoelectric-based US sensors are the most widely used acoustic-electric conversion
devices in medicine and industry and require nondestructive testing in recent years. A typ-
ical piezoelectric-based US sensor consists of an active piezoelectric layer with piezoelectric
effect after being polarized at a certain temperature, single or multiple acoustic matching
layers, backing, and an acoustic lens. The piezoelectric layer needs to be coated with top
and bottom electrodes to either transmit or receive acoustic signals. Piezoelectric-based
US sensors have the advantages of simple structure, easy molding and processing, strong
maneuverability, high sensitivity, and good electromechanical coupling. To construct a
transparent sensor, it is necessary to replace the piezoelectric active layer, matching layers,
backing layer, and electrodes with transparent materials. Indium tin oxide (ITO) is the
most common material for transparent electrodes. At this stage, widely used transparent
piezoelectric ceramic materials mainly include PVDF and LN.

The first generation of transparent piezoelectric-based US sensors was fabricated with
ITO-coated PVDF films [26,27,57]. PVDF is a highly nonreactive thermoplastic fluoropoly-
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mer. The strong piezoelectricity of PVDF was found in 1969; the piezoelectric coefficient of
PVDF after poling is 6–7 pC/N [58]. The unique mechanical, optical, and acoustic proper-
ties of PVDF make it the first and easiest material to fabricate transparent sensors. As a
fluoropolymer film, it has an up to 0.8 optical transmittance at a wavelength of 532 nm [59].
Furthermore, PVDF has low acoustic impedance and acoustic response in wide bandwidth,
so the matching and backing layers of a typical sensor is unnecessary on an PVDF sensor.
However, the optical transmittance of PVDF is not high enough and only works in a short
range. Additionally, it has much lower sensitivity due to its low electromechanical coupling
coefficient (kt) and high mechanical and electrical losses compared with other popular
piezoelectric materials [28]. Fang et al. designed a focused transparent PVDF sensor for
photoacoustic microscopy (PAM), as shown in Figure 2a [26]. The sensor consists of a
thin PVDF sheet coated with ITO/metal electrodes and laminated onto a concave glass
lens. The optical transmittance of the sensor is about 60% at 532 nm. The axial and lateral
resolution of the sensor is tested at 14.81 µm and 4.2 µm, respectively. The PVDF-based
transparent sensor combined the advantages of the focused hollow and flat transparent
sensors. However, the sensor still has limitations in terms of the materials, which leads to
lower sensitivity.

LN is a widely used single-crystal material that has a flat optical transmittance of
0.8 at a wide range of wavelength from 350 nm to 5200 nm [62]. Furthermore, it has
high electromechanical coupling, a high longitudinal sound speed, and a low dielectric
constant [63], and thus is the prime choice for large-aperture, high-frequency, and high-
sensitivity optically transparent sensors. In 2014, Brodie et al. introduced a sensor for US
particle manipulation [28]. The optically transparent piezoelectric sensor was fabricated
with ITO-coated LN. Dangi et al. reported a LN-based transparent US sensor operating
at 14.5 MHz for PAI in 2019, as shown in Figure 2f [30]. Park et al. proposed ITO-coated
LN -based sensors, as shown in Figure 2b,e [32,60]. Epoxy was used for the acoustic
lens and backing layer material for both sensors. The mean light transmittance of the
sensors was 66% and above 70%, respectively. Chen et al. developed a LN-based high-
frequency sensor for PAM applications, as shown in Figure 2c [31]. Parylene thin film with
an acoustic impedance of 2.5 MRayl was chosen as the matching layer material due to its
transparent and colorless characteristics. An insulating and optically transparent epoxy
with an acoustic impedance of 3.05 MRayl was selected as the backing layer material. The
inner structure cross section schematic of the sensor is shown in Figure 2c. The optical
transmittance efficiency of the sensor was over 80% in the range of 450–1064 nm. The
axial resolution of the sensor was calculated to be 105 µm. The sensor exhibited a −6 dB
bandwidth of 33.9%, and a high sensitivity of 0.45 V peak-to-peak received voltage (Vp-p).
This work has first demonstrated the in vivo PAM imaging capability due to the higher
sensitivity of the sensor. The sensor’s frequency response is also the highest and best
matches the frequency spectrum at the 30–50 MHz range, which is most widely used in
in vivo imaging applications.
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Figure 2. Transparent piezoelectric-based US sensors: (a) Schematic (upper left), photography
(upper right), pulse-echo waveform (lower left), and spectrum (lower right) of a 24 MHz PVDF
focused transparent sensor design. PVDF: Poly(vinylidene fluoride), ITO: Indium tin oxide. Adapted
with permission from ref. [26]. Copyright 2020 Institute of Electrical and Electronics Engineers;
(b) Schematic cross section (upper left), photograph (upper right), light attenuation occurring after
penetrating each acoustic layer (lower left), and pulse-echo response and its frequency spectrum
(lower right) of a 11.2 MHz LN optically transparent focused US sensor. Adapted from ref. [60];
(c) Design cross section (upper left), photograph (upper right), optical transmittance (lower left),
and pulse-echo response and its frequency spectrum (lower right) of a 37 MHz LN high-frequency
transparent US sensor. Adapted with permission from ref. [31]. Copyright 2020 Institute of Electrical
and Electronics Engineers; (d) Schematic (upper left), photograph (lower left), pulse echo responses
of DC poled (upper right) and AC poled (lower right) PMN-PT US sensors (14 MHz). Adapted
with permission from ref. [61]. Copyright 2010 Woodhead Publishing; (e) Schematic layer-by-layer
illustration (upper left), photograph (upper right), light transmittance (lower left), and pulse echo
response and frequency spectra (lower right) of a dual center frequencies (~7.5 and ~31.5 MHz)
transparent LN US sensor. PC: personal computer, AL: acoustic lens, LNO: lithium niobite, AgNWs:
silver nanowires, BL: backing layer, IH: inner housing, IE: insulation epoxy, OH: outer housing,
TUT: transparent ultrasound transducer. Adapted with permission from ref. [32]. Copyright 2021
Proceedings of the National Academy of Sciences of the United States of America; (f) A 14.5 MHz
transparent PMN-PT US sensor: Picture of an optically transparent LN substrate coated with ITO
(upper left), picture of a 2.5 mm× 2.5 mm sensor integrated with an optical fiber (upper right), optical
transparency of the ITO-coated LN (lower left), and pulse-echo response of the sensor. Adapted with
permission from ref. [30]. Copyright 2019 Optical Society of America.
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In recent years, researchers have put extensive effort into the development of new
piezoelectric materials, which are the only active elements inside a piezoelectric-based US
sensor. In 2017, new La-doped lead magnesium niobate-lead titanate (PMN-PT) ceramics
reached an optical transmittance of 70% at 900 nm, which is close to the theoretical transmit-
tance (~71%) [64]. The transparent PMN-PT ceramics also have the advantages of a higher
piezoelectric coefficient, a higher electromechanical coupling coefficient, and a higher Curie
temperature. Eu3+-doped PMN-PT ceramics have a high piezoelectric charge coefficient
(d33 ~ 850 pC/N) and effective piezoelectric strain coefficient (d33 * ~ 1520 pm/V) [65]. The
report proves that doping with rare earth elements is effective for fabricating transparent
PMN-PT with enhanced piezoelectric performance, which is also beneficial to the design
and development of transparent PMN-PT US sensors. In 2019, Qiu et al. reported trans-
parent PMN-PT single crystals with an ultrahigh piezoelectricity (d33 > 2100 pC/N), an
excellent electromechanical coupling factor (k33 ~ about 0.94) and a high electro-optical
coefficient (γ33 ~ 220 pm/V) [66]. Therefore, transparent PMN-PT ceramics and single
crystals will become the materials with better application prospects for transparent US
transducers due to their higher temperature stability and higher piezoelectric performance.
In 2021, Chen et al. reported a PMN-PT single crystal-based transparent US senor with a
14 MHz center frequency [61].

Table 1 summarizes the ferroelectric and piezoelectric properties of representative
transparent piezoelectric materials, including polymers (PVDF), copolymers [poly(vinylidene
fluoride-trifluoroethylene)(P(VDF-TrFE)], ceramics (barium titanate (BaTiO3), lead zir-
conate titanate (PZT), lanthanum modified lead titanate zirconate (PLZT), potassium
sodium niobate (KNN), lead nickel niobate–lead zirconate titanate (PNNZT)), and sin-
gle crystals (LN, PMN-PT, lead indium niobate-lead magnesium niobate-lead titanate
(PIN-PMN-PT)). It is obvious that transparent piezoelectric polymers and copolymers gen-
erally have a higher piezoelectric voltage constant (g33). Compared to others, transparent
piezoelectric ceramics and single crystals usually have higher piezoelectric constants (d33),
electromechanical coupling coefficients (kt/k33/kp), and dielectric permittivity (εx

3/ε0). In
the future, transparent piezoelectric composites with better comprehensive performance
can be explored.

Table 1. Properties of representative transparent piezoelectric materials.

Material Type d33 (pC/N) g33
(
10–3 Vm/N

)
kt/k33/kp Pr (µC/cm2) εx

3/ε0 Tc (◦C) Reference

PVDF Polymer 27 <122 0.16 (k33) >50 >9 130.12 [27,67,68]

P(VDF-TrFE) Copolymer 34 240 0.21 (k33) 10.2 16 117 [69–72]

BaTiO3 Ceramic 3 N/A N/A 1.66 3500 N/A [73–75]

PZT Ceramic N/A N/A N/A 6.81, >20 144–885 N/A [76,77]

PLZT Ceramic 108 3.1 0.52 (kt) 22.5 2340, 3895 N/A [78,79]

KNN Ceramic 27, 101, 125 16.3–5.7 0.15 (kp) >10 700–2000 280 [80–82]

PNNZT Ceramic 810 14.7 0.56 (kt)
0.8 (k33)

33.3 4200 141.4 [83]

LN Single crystal <40 30.3 0.47 (k33) 18 29.4 1150 [63,84–86]

PMN-PT Single crystal 850, 2100 41 (DC-poled)
30.4 (AC-poled) 0.94 (k33) >25

5800 ± 120
(DC-poled)
7800 ± 230
(AC-poled)

132 ± 2 [65,66]

PIN-PMN-PT Single crystal 420 13.1 0.52 (kp) 23 3620 222 [87]

4. Transparent Capacitive Micromachined Ultrasonic Transducers

Compared with piezoelectric-based sensors, CMUT technology has compelling prop-
erties including broad bandwidth, high receive sensitivity, and the potential for massively
scalable fabrication [88–91]. The principle of CMUT detection of ultrasound is to use
capacitive sensing [35,92]. There are two parallel plate capacitors in the CMUT structure;
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one is fixed as the bottom electrode and the other is a membrane clamped above the bottom
electrode with a top electrode. CMUT works on the principle that when the ultrasound
reaches the top electrode, it triggers a vibration and changes the capacitance of the CMUT.
US detection is accomplished by monitoring the change in capacitance of the CMUT over
time. Unlike traditional piezoelectric US sensors, CMUTs do not require a matching layer
to match the acoustic impedance to the tissue.

CMUTs are mainly manufactured by surface micromachining or wafer bonding pro-
cesses [93]. The majority of CMUTs manufactured at this stage are not optically transparent.
Among the manufacturing processes involved, surface micromachining has a very limited
range of material options [94–96], while the wafer bonding process includes fusion bonding,
anodic bonding, and adhesive bonding, in which the adhesive wafer bonding method can
use a variety of materials. In 2019, Chan et al. published a review paper giving an overview
of the use of CMUTs for PAI [97].

Ilkhechi et al. introduced a transparent CMUT structure fabricated with an adhesive
wafer bonding process, as shown in Figure 3 [33,34]. CMUT uses a glass substrate, a
photo benzocyclobutene (BCB) polymer as the adhesive, silicon nitride as the film material,
and ITO as the electrode. The transparent CMUT arrays contain six layers including a
glass substrate, photo BCB, nitride, two layers of ITO electrode, and metal stripes. All the
layers except the metal strips, which cover less than 1% of the device area, are optically
transparent. The fabricated CMUT arrays has 64 operational channels designed for 8 MHz
operation in immersion mode and a 7 mm by 13 mm active area. The measured average
transparency of the device is around 80% in the near-infrared range. In the PAI test, the
SNR value is 40 dB and the lateral/axial resolutions are 234 µm and 220 µm, respectively.
In 2021, Ilkhechi et al. reported nine MHz CMUT linear arrays with 128 elements operating
at 9 MHz center frequency and with 150% −6 dB bandwidth [33].

Figure 3. Transparent CMUT arrays: (a) Fabrication process flow (upper left), photos and 3D drawing (upper right),
transparency (lower left), receive sensitivity versus bias voltage (lower middle), and frequency response (lower right) of a
transparent CMUT array with 64 channels. ITO: Indium Tin Oxide, BCB: benzocyclobutene. Adapted with permission from
ref. [34]. Copyright 2020 Optical Society of America; (b) Cross-sectional structural drawing (upper left), photo (upper right),
transparency demonstration by a camera resolution test (middle), acoustic pressure generated with a single element (lower
left), and frequency response (lower right) of a 9 MHz transparent CMUT linear array with 128 elements. Adapted with
permission from ref. [33]. Copyright 2021 Optical Society of America.

5. PAI Applications with Transparent US Sensors

PAI systems employing conventional opaque US sensors impose certain constraints
such as obstruction in the optical path, bulky sensor size, complex system configurations,
difficult optical and acoustic alignment, and degradation of signal-to-noise ratio. These
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problems can be circumvented using optically transparent US sensors. Various PAI system
configurations integrated with transparent US sensors were reported, as shown in Figure 4.
Figure 4a,b demonstrate the PAI imaging system setup with FP US sensors [3,42]. The FP
sensors can detect the target at a long distance, as shown in Figure 4a,b. Figure 4c shows
a representative PAI imaging system setup with MRR US sensors [44]. A typical PAM
system setup with transparent piezoelectric-based US sensors is shown in Figure 4d [26].
Park et al. reported a quadruple US, PA, optical coherence (OCT), and fluorescence (FLI)
fusion imaging system setup with a transparent LN US sensor, as shown in Figure 4e [32].
The system shows a high transmission SNR (>11 dB) and a tight focal point and also
demonstrates that the transparent US sensors can reduce the laser loss in the detection
process to improve the quality of the signal [37]. Many studies on PAI with transparent US
sensors were performed on imaging phantoms only. In recent years, PAI with transparent
US sensors has had broader prospects in the biomedical field and has been investigated in
a wide range of applications, including eye imaging, skin imaging, vasculature imaging,
and small animal imaging [17,31,32].

Figure 4. (a) Backward-mode multiwavelength PA scanner with a FP US sensor. CW: continuous wave, DSO: digitizing
oscilloscope, OPO: optical parametric oscillator. Reprinted with permission from ref. [42]. Copyright 2008 Optical Society
of America; (b) The experimental setup used for testing a GLAD-FP US sensor. Two separate setups are shown. Setup 1
is used for PAI. Setup 2 is used to test the receive sensitivity using an external ultrasound transducer. PD: photodiode,
OL: objective lens, SMF: single mode fiber, FG: function generator, FLD: fiber laser driver. Adapted with permission from
ref. [51]. Copyright 2013 Optical Society of America; (c) PAI setup with a MRR US sensor. Adapted with permission
from ref. [44]. Copyright American Chemical Society; (d) Test setup for characterizing the optical and acoustic properties
of focused transparent transducer. Reprinted with permission from ref. [26]. Copyright 2020 Institute of Electrical and
Electronics Engineers; (e) Schematic diagrams of a seamlessly integrated quadruple fusion imaging system using a TUT: USI,
OCT, and FLI. Overall schematic (left), magnified schematic of the imaging head module (right). PC: personal computer, RF:
radio frequency, M: mirror, FM: flipping mirror, ND: neutral density filter, C: collimator, CorL: correction lens. Reprinted
with permission from ref. [32]. Copyright 2021 Proceedings of the National Academy of Sciences of the United States of
America.
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6. Discussions and Perspectives

In PAI, commonly used US detection methods are optical interference methods and
piezoelectric detection methods. US sensors are key devices for detecting PA signals.
The performance of the US sensor depends on several factors including the bandwidth,
sensitivity, and working frequency. US sensors with high sensitivity in a wide-spectrum
bandwidth are favorable for PAI applications because the high sensitivity can help reduce
the necessary light excitation energy and improve the penetration depth. To detect more
PA signals without attenuation in the application of PAI, it is generally necessary to place
the US sensor very close to the target tissue to detect the signals. A nontransparent feature
of conventional US sensors affects the transmission efficiency of light. Therefore, the use
of transparent US sensors is promising to obtain high-quality PA signals. In this paper,
recent advances in transparent US sensors for PAI applications are reviewed. The basic
PAI principle and the need to develop transparent US sensors for PAI applications are
presented first. Afterwards, three types of transparent US sensors are summarized and
compared in detail based on their working mechanisms and the active materials adopted.
In addition, different types of transparent piezoelectric materials are compared based
on their piezoelectric and ferroelectric properties. Finally, configurations of several PAI
systems employing transparent US sensors are presented.

Transparent US sensors can be divided into three main categories, including optics-
based US sensors, piezoelectric-based US sensors, and MEMS-based CMUTs. The type
and manufacturing technology of the US sensors should be determined according to
application requirements such as geometric constraints, required penetration depth, and
spatial resolution. The performance of the sensors can be improved by optimizing its
geometric design and material properties. The performance of the abovementioned types
of transparent US sensors is compared in Table 2. Sensitivities of sensors are uniformly
estimated by calculating the NEP according to the following equation:

NEP =
√

kBT[1 + Fn/η( f )]Za/A, (1)

where kB is the Boltzmann constant, T is the absolute temperature of the medium, Fn is the
ratio of noise at the output of the preamplifier to the thermal noise of the source resistor
(noise preamplifiers typically exhibit Fn ≈ 2), η( f ) is the detector efficiency at frequency,
Za is the characteristic acoustic impedance of the medium, and A is the detector area.
The sensitivity (NEP, estimated) of reported transparent US sensors and their bandwidth
is summarized in Figure 5. As we can see from Table 2 and Figure 5, different types of
transparent US sensors have their unique strengths in performance. MRR sensors usually
have a wider bandwidth than other types of US sensors [43,44,54,55]. The piezoelectric-
based sensors maintain high sensitivity over a wide bandwidth [26,28,31,61]. The CMUT
sensors generally have high sensitivity over a narrower bandwidth [33,34].
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Table 2. Representative transparent US sensors.

Transducer
Type Materials Inner Structure Size Transmittance Performance Reference

Optics-based
(FP sensor) Parylene C

Matching layer: CNT-PDMS
Backing: N/A

Electrodes/Mirror: Highly
reflecting dichroic mirror
Focusing Technique: N/A

64 µm N/A

Impedance: N/A
Center frequency: N/A

Bandwidth: 22 MHz(−6 dB)
Received Voltage (Vp-p):

N/A
Sensitivity (NEP, estimated):

N/A

[41]

Optics-based
(FP sensor)

SU-8
photoresist

Matching layer: N/A
Backing: Polymer

Electrodes/Mirror: Gold
layer

Focusing Technique: N/A

10 µm thick N/A

Impedance: N/A
Center frequency: 50 MHz

Bandwidth: 100 MHz
Received Voltage (Vp-p):

N/A
Sensitivity (NEP, estimated):

200 mPa/
√

Hz

[40]

Optics-based
(FP sensor) Parylene C

Matching layer: PMMA
Backing: N/A

Electrodes/Mirror: N/A
Focusing Technique: N/A

50 µm thick N/A

Impedance: N/A
Center frequency: N/A

Bandwidth: 22 MHz (−3 dB)
Received Voltage (Vp-p):

N/A
Sensitivity (NEP, estimated):

47 mPa/
√

Hz

[42]

Optics-based
(MRR sensor) SU-8

Matching layer: N/A
Backing: N/A

Electrodes/Mirror: N/A
Focusing Technique: N/A

250 µm thick N/A

Impedance: N/A
Center frequency: N/A
Bandwidth: 140 MHz

Received Voltage (Vp-p):
N/A

Sensitivity (NEP, estimated):
0.57 mPa/

√
Hz

[22]

Piezoelectric-
based PVDF

Matching layer: Epoxy
Backing: Epoxy

Electrodes/Mirror: ITO
Focusing Technique:
Concave glass lens

6 mm
diameter ~60% at 532 nm

Impedance: N/A
Center frequency: 24 MHz

Bandwidth: 26 MHz (−3 dB)
Received Voltage (Vp-p):

N/A
Sensitivity (NEP, estimated):

32 µPa/
√

Hz

[26]

Piezoelectric-
based LN

Matching layer: Parylene C
Backing: Epoxy

Electrodes/Mirror: ITO
Focusing Technique: N/A

15 mm
diameter

up to 90% in
the visible

wavelength
range

Impedance: 161–258 Ω
Center frequency: 36.9 MHz
Bandwidth: 33.9% (−6 dB)

Received Voltage (Vp-p):
0.45 V

Sensitivity (NEP, estimated):
18 µPa/

√
Hz

[31]

Piezoelectric-
based LN

Matching layer: Epoxy
Backing: Epoxy

Electrodes/Mirror: ITO
Focusing Technique:

Acoustic lens

14 mm
diameter

Avg. 66% at
690–910 nm

range

Impedance: 245 Ω
Center frequency: 11.2 MHz

Bandwidth: 23% (−6 dB)
Received Voltage (Vp-p):

N/A
Sensitivity (NEP, estimated):

19 µPa/
√

Hz

[60]

Piezoelectric-
based LN

Matching layer: Epoxy +
Parylene C

Backing: Epoxy
Electrodes/Mirror: Silver

Nanowires
Focusing Technique:

Acoustic lens

9 mm
diameter

peak
transparency of
74% at 630 nm

Impedance: 53 Ω
Center frequency:

dual-center frequencies of
7.5 MHz and 31.5

MHz
Bandwidth: N/A

Received Voltage (Vp-p):
N/A

Sensitivity (NEP, estimated):
N/A

[32]
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Table 2. Cont.

Transducer
Type Materials Inner Structure Size Transmittance Performance Reference

Piezoelectric-
based

PMN-PT
(AC-poled)

Matching layer: Parylene C
Backing: Epoxy

Electrodes/Mirror: ITO
Focusing Technique: N/A

3 mm square
>80% between

450 nm and
1500 nm

Impedance: ~50 Ω
Center frequency: 13.3 MHz
Bandwidth: ~30% (−6 dB)

Received Voltage (Vp-p):
1.19 V

Sensitivity (NEP, estimated):
79 µPa/

√
Hz

[61]

CMUT Silicon

Matching layer: N/A
Backing: N/A

Electrodes/Mirror: ITO
Focusing Technique: N/A

~19 µm
radius

up to 90% in
the visible and

NIR range

Impedance: N/A
Center frequency: 8 MHz
Bandwidth: 75% (−6 dB)

Sensitivity (NEP): 10.4
mPa/

√
Hz with a bias

voltage of 250 V

[34]

CMUT Silicon

Matching layer: N/A
Backing: N/A

Electrodes/Mirror: ITO
Focusing Technique: N/A

17.75 µm
radius and 1
µm thick

up to 90% in
the visible and

NIR range

Impedance: N/A
Center frequency: 9 MHz
Bandwidth: 150% (−6 dB)

Sensitivity: 37.5 mPa/
√

Hz
with a bias voltage of 100 V

or 10.4 mPa/
√

Hz with a
bias voltage of 250 V

[33]

Figure 5. Estimated sensitivity of transparent US sensors and their bandwidth. FP1 [40], FP2 [42],
MRR [22], Piezo-PVDF [26], Piezo-LN1 [31], Piezo-LN2 [60], Piezo-PMN-PT [61], CMUT1 [34],
CMUT2 [33].

Representative optics-based US sensor types are FP sensors, MRRs, and grating-based
sensors. Compared with piezoelectric-based sensors and CMUTs, optics-based US sensors
have advantages of wide detection bandwidth, small size, high sensitivity, wide detection
aperture, and low sensitivity to electromagnetic noise. Furthermore, they can be easily
integrated with optical fibers for optical transmission, therefore making a complete PA
probe. However, optics-based US sensors suffer from the drawbacks of poor chemical
stability, large Young’s modulus, complicated manufacturing methods. Moreover, most
optics-based US sensors rely on continuous-wave lasers, whose interferometry is sensitive
to temperature drifts and vibrations. Moreover, optics-based US sensors without a clear
acoustic focus point cannot detect the PA signals in optimal detection conditions. In
addition, optics-based US sensors need additional devices (such as probe lasers and optic
sensors) to work, which makes them difficult to integrate into conventional US/PA dual-
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modality imaging devices. To sum up, though with the same element size, optical-based
US sensors have higher sensitivity over a wider frequency range than piezoelectric-based
US sensors. However, the fabrication process of the optical-based sensors is relatively
complicated, and it may be difficult to achieve repetition in performance to a certain extent.
In future, we need to simplify the fabrication process of the optical-based sensor to improve
its repeatability.

Most transparent piezoelectric-based US sensors are based on PVDF polymers and LN
single crystals. In essence, the PA detection technology based on the principle of acoustics
transfers the sound pressure mechanical wave to the surface of a certain piezoelectric
material, and converts it into an electrical signal through the piezoelectric effect [98]. From
this viewpoint, transparent piezoelectric-based US sensors may be the better choice as they
are used in PAI systems. Compared with optical US detection, transparent piezoelectric-
based US sensors gain popularity for the following advantages: First, with the simple
structure, piezoelectric US sensors are cheaper, lighter, and easier to fabricate. Second,
no additional optical instruments are required, so the device can be portable. Third, the
sensors can be focused to have the best detection performance. However, transparent
piezoelectric-based US sensors also have disadvantages: First, they must use a coupling
medium to transmit the PA signal. The complex acoustic coupling method greatly limits
the application range of PAI and affects the stability and repeatability of imaging, which
is also the main problem facing PAI technology. Second, in particular, due to the low
kt of PVDF, the electromechanical coupling performance of sensors based on PVDF is
poorer than that of other piezoelectric single crystal-based sensors. PVDF also has a
relatively low curie temperature, so sensors made with PVDF cannot be used in high-
temperature environments. Moreover, the optical transmittance efficiency of PVDF is not
high enough. Third, although the sensitivity of the transparent LN-based sensors is high,
the brittle physical nature of LN makes it difficult to be focused. Currently, focusing can
be achieved by attaching an acoustic lens made from epoxy [32], but such a lens may
interfere with light delivery and attenuate the PA signals received. Fourth, compared with
conventional sensors used in PAI, transparent piezoelectric-based US sensors have lower
sensitivity, which is mainly due to some limitations in the available materials. At present,
existing transparent electrodes (especially ITO) have been reported to have high sheet
resistance and poor electrical conductivity [99]. The impacts of these properties on sensor
performance need to be further studied and it is needed to explore transparent electrode
materials with improved conductivity in the future. Moreover, epoxy is a common material
used for matching layers, backing, and acoustic lens in current transparent piezoelectric-
based US sensor designs. It has a relatively low acoustic impedance (~3 MRayl), which
means it is not efficient to compensate for the acoustic impedance mismatch between
piezoelectric materials and tissues, resulting in low acoustic energy transmission and
narrow bandwidth. Therefore, another area of exploration is to develop transparent
passive materials with enhanced properties, especially acoustic impedance, for improving
the overall performance of transparent piezoelectric-based US sensors. In addition, existing
transparent piezoelectric-based US sensors were all made a single element type. To achieve
faster imaging speed and avoid mechanical movement of the sensor, it is necessary to
develop array-type transparent piezoelectric-based US sensors in the future, which can be
made in the forms of single element, linear arrays, hemisphere arrays, and two-dimensional
matrix arrays.

Transparent CMUT is fabricated based on MEMS techniques. Therefore, there is great
potential to develop miniaturized sensors and array-type sensors with a large number
of elements. CMUT also has the advantages of broad bandwidth, high sensitivity, and
acceptance angle, which are critical in PAI. However, the working frequency of the current
CMUTs is below 20 MHz, which is not suitable for use in PAI with a frequency range of
20–50 MHz [14,55]. Furthermore, the cost of CMUTs is relatively high. In future, more
efforts need to be made to address these issues.
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In summary, transparent US sensors have been demonstrated to be a feasible re-
placement for conventional opaque US sensors in PAI systems. With the continuous
advancement in the development of transparent materials technology and US sensor tech-
nology, transparent US sensors will have a broad range of potential applications in the field
of PAI.
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