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Photoacoustic Imaging Sensors Based on Integrated
Photonics: Challenges and Trends

Kangjian Bao, Xi Yang, Chunlei Sun, Guoguang Rong, Chao Tian, Junhui Shi,

Mohamad Sawan,* and Lan Li*

Ultrasound and photoacoustic imaging are important imaging modalities with
significant applications in clinical diagnosis and biomedical research.
However, current capacitive and piezoelectric ultrasound detectors face
challenges related to sensitivity and bandwidth, particularly at higher
frequencies. These challenges can hinder their ability to achieve high spatial
resolution and deep penetration for imaging purposes. Optical ultrasound
sensors offer high sensitivity and show great potential for developing
ultrasound/photoacoustic imaging systems. Among all methods of optical
ultrasound detection, integrated photonics, with its superior advantages in
miniaturization, sensitivity, and integration capability with electronics, could
be next-generation photoacoustic/ultrasound imaging technology. This review

explores the device structure designs and applications of

ultrasound/photoacoustic sensing based on integrated photonics, analyzes
their performance metrics as ultrasound detectors, and discusses some
perspectives on future developments and trends in this field.

1. Introduction

When an object is exposed to a beam of periodically modulated
light, it emits acoustic waves due to the absorption of the illu-
minating light, resulting in changes in its internal temperature,
volume, and structure. This phenomenon, known as the photoa-
coustic effect, was first discovered by Alexander Graham Bell in
1880.1"1 Approximately 80 years later, following the emergence

of pulse lasers, the theories of this
phenomenon were further developed!?!
by Askar’yanl®l (1963), Whitel*l (1963),
Caromel®l  (1964), Clearyl® (1968),
Burmistroval”l (1978), and Karabutov!®?]
(1979 and 1985). Photoacoustic imaging
(PAI) is an advanced technique that
detects and visualizes acoustic waves
produced by laser light absorption in bio-
logical tissues. By combining ultrasound
with laser-induced signals, PAI offers
a highly sensitive way to quickly im-
age and differentiate optical absorption
properties at various spatial scales.!*"]
Sub-micro level resolution can be effec-
tively obtained in PAI when combined
with optical microscopy techniques over
superficial imaging.['!l And it allows for
imaging at greater tissue depths as it
experiences two orders of magnitude
less ultrasonic scattering than optical
scattering.?! By employing image reconstruction algorithms, ob-
taining a 3D image of objects, even in vivo, becomes possible.
Moreover, the non-invasive nature of PAI minimizes harm to hu-
man bodies, making it highly suitable for biomedical research
and clinical diagnosis.

The ultrasound sensor (US) is a crucial component of PAI
systems. As PAI technology advances for deeper penetration
and higher resolution, the demand for more sensitive and
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Figure 1. Timeline for ultrasound sensors. Classical Langevin Transducerl®’]; Metal flaw detectors!'®l; FP surface Vibration US: Fabry-Perot surface
vibration ultrasound sensorl?3]; Optical fiber acoustic sensorl®l; 1st generation PMUT: The first generation piezoelectric micromachined ultrasound
transducer!®]; Confocal FP: Confocal Fabry Perot (ultrasound sensor)[21l; 1st generation CMUT: The first generation capacitive micromachined ultra-
sound transducers!18]; FFP: Fiber Fabry-Perot (ultrasound sensor)[7%l; Polymer MRR: Polymer Micro Ring Resonator (ultrasound sensor)[”']; Surface plas-
mon resonance (ultrasound sensor)[3#l; PDMS FP: Polydimethylsiloxane Fabry-Perot (ultrasound sensor)l72l; MRR Array: Micro Ring Resonator (ultra-
sound sensor) arrayl”3l; WMZI: waveguide Mach-Zehnder interferometer (ultrasound sensor)!74l; WFP: waveguide Fabry-Perot (ultrasound sensor)[7l;
7-FBG: z-phase-shift fiber Bragg Grating (ultrasound sensor)[7®l; Polymer MRR2: Polymer Micro Ring resonator 2 (ultrasound sensor)l”’l; SMR: sili-
con membrane microring resonator (ultrasound sensor)[78); Plano Concave (ultrasound sensor)[>3]; 2D FPFP: 2D Fabry-Perot fiber probe (ultrasound
sensor)[®0]; Laser fiberl’®]; MD: Microdisk (ultrasound sensor)18%l; Silicon MZI: Silicon Mach-Zehnder interferometer (ultrasound sensor)[74l; SWED:
silicon waveguide—etalon detector(®2]; SSR: Split-rib (microring) resonatorl3'); PCW: polymer coating waveguide (ultrasound sensor)#2]; in vivo imaging
SPADE: in vivo imaging silicon-photonics acoustic detector!®]; Parallel MRR array (ultrasound sensor).I°"l Reproduced with permission from refs. [34,

55, 62, 67, 69, 79, 83, 91].

scalable broadband ultrasound sensors is increasing. There are
numerous applications for USs beyond biomedical imaging.
For instance, ultrasound sensing can be applied in various au-
tomotive and consumer electronics, such as fingerprint sensing,
Advanced Driver Assistance Systems (ADAS), PAL*!* and ges-
ture recognition for consumer electronics.'>! As a result, the ul-
trasound sensing market has grown significantly in recent years,
with an estimated value of billions of dollars by 2025, according
to a report by Yole Développement.!® Given the increasing
demand for more sensitive and scalable broadband ultrasound
sensors, the technology will continue to evolve and expand into
new markets and applications. Various commercial ultrasound
sensors utilizing electrical methods to detect ultrasonic signals
are readily available, such as Bulk Piezoelectric Ultrasonic
Transducers (BPUT), Capacitive Micromachined Ultrasonic
Transducers (CMUT),['”] and Piezoelectric Micromachined Ul-
trasonic Transducers (PMUT). However, the miniaturization of
these electronics-based sensors is significantly limited, affecting
their overall performance. Additionally, the detection bandwidth
of these sensors cannot match that of optical sensors, thus
limiting their application scenarios.'°] There is an increasing
need for a new generation of photoacoustic/ultrasound imaging
in biomedical research and clinical applications, leading to a
continuous exploration of new ultrasound sensing technolo-
gies, as shown in Figure 1. Optical sensors, known for their
immunity to electromagnetic interference and ability to offer a
range of benefits, including wide detection bandwidth, compact
size, large receiving angle, strong responsivity, and, notably,
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high sensitivity,[?] are expected to play an essential role in the
future. Researchers have made attempts to develop free-space
optical sensing since the 1970s, including confocal Fabry-
Perot interferometer, 21231 Fabry-Perot optical thin film,[2+%7]
Michelson interferometer,?®! total internal reflection (TIR),!*!
metamaterial,[*] surface plasmon excitation,[*'-3* and photonic
crystal slabs,3>3] to demonstrate the feasibility of optical sensor
structures. Commercial optical ultrasound transducers are
emerging.[’] However, these free-space optical ultrasound sen-
sors raise special requirements on the structure for roughness,
light absorption, shape, etc.’”] Ultrasound sensing based on in-
tegrated photonics (USIP) and optical fiber sensing!**-! are two
promising methods. Although fiber-based ultrasonic sensors!®!
may also provide high resolution, relatively small size, high sen-
sitivity, and mechanical flexibility,[®!) the bandwidth is usually
limited to 50 MHz and faces scalability challenges. It appears
that USIP has superior advantages in terms of miniaturization,
sensitivity, and the ability to integrate with electronics for 2D
array and functional integration. Moreover, USIP can reach high
frequency and wide bandwidth of over 50 MHz or even hundreds
of MHz.[°2] Tn addition, USIP’s compatibility with various mate-
rial systems presents a significant advantage over fiber sensors,
further broadening its potential applications. The integration
of the transmitter and receiver onto a single surface has been
shown over the USIP platform to greatly simplify the system de-
sign of PAI, leading to more compact and efficient systems.[63:64]
This integrated platform is particularly important for applica-
tions such as photoacoustic endoscopy.[®*¢! Therefore, USIP
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could be a promising new technology for ultrasound sensing in
the future.

2. Performance Metrics of Ultrasound Sensors

There are two main categories of PAI systems: photoacous-
tic microscopy (PAM) and photoacoustic computed tomography
(PACT). In the context of PAM, individual PA signals predomi-
nantly emanate from the spatial confinement within the volume
defined by the smaller of either the optical focus or the acoustic
focus, which further classifies PAM into optical-resolution (OR-)
PAM and acoustic-resolution (AR-) PAM. These signals are con-
verted into a 1D image, which portrays the distribution of op-
tical energy deposition along the acoustic axis. This conversion
is accomplished by extracting the signal’s envelope, which corre-
sponds to the amplitude modulation curve of the radio-frequency
PA signal. Conversely, a US matrix in PACT includes three matrix
geometries: linear (planar), cylindrical, and spherical. Each ultra-
sonic transducer element intercepts PA signals over a substan-
tially wide acceptance angle. The collective data gathered from
all the transducer elements are employed to reconstruct an im-
age using image reconstruction algorithms for deep imaging. No-
tably, akin to the triangulation principles employed in the Global
Positioning System, this reconstruction process effectively elu-
cidates the spatial distribution of the photoacoustic sources.!’!
Therefore, resolution is the primary focus in PAMs, while PACTs
care more about the imaging depth. The resolution and imaging
depth rely on the performance of USs and other factors affecting
the imaging quality.

2.1. Resolution - CENTRAL Frequency and Bandwidth

In PAM, the theoretical resolution of the systems is given by!34l

0.88v,
RPAM, A= B 1)
0.71v,
Ror-pamr = 557 —¢ ()
NA, - f
0.514
ROR—PAM,L = W 3)

0

where A denotes axial resolution, and L denotes lateral resolu-
tion; v, is the velocity of sound in the medium, and B is the band-
width of the ultrasound sensor; NA, and NA, are the numerical
aperture of the lens used to focus sound waves and the numerical
aperture of the lens used to focus the illumination light, respec-
tively; A is the wavelength of the illumination light.

From Equation (1), the axial resolution of PAM has a signif-
icant relationship with the frequency of photoacoustic signals.
The generated photoacoustic signal is a broadband ultrasound
signal with bandwidth from hundreds of kHz to several GHz,[1%]
while the ultrasound receiver is a band-pass filter over the fre-
quency spectrum, as shown in Figure 2a. We define the cen-
tral frequency f- of the ultrasound sensor as the average of low-
cutoff frequency, f; and high-cutoff frequency, f;;, (to note that
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in many articles the central frequency refers to the highest re-
sponse acoustic frequency) and bandwidth, B, to be f; — f;. Typ-
ically, —6 dB bandwidth is used to characterize the performance
of USs. In many scenarios, fraction bandwidth (FB), defined by
B/fc % 100%, is more convenient to describe the performance of
USs. Therefore, considering USs, the axial resolution of PAM
systems and lateral resolution of AR-PAM are limited to be:

0.88v,  0.88y,

= = 4

PAM, A B fC X FB ( )
2 07y, 0.71v, B 0.71v,

ARCPAMETNA, - fy T NA, - (fo+B/2)  NA,-fc(1+FB/2)

(5)

In PACT, the theoretical resolution of the systems is given
by[IO()]

R 06 4 = 0.6v,  06v, 0.6v, 6

e =00 A = T S B2 [ (14 FB/2) ©)
RPACT, Lp = R?’ACT,A + (Za)z (7)
Roncr 1 =\ Roser +1(d/7) (0] @

where Llp and Lcs denotes the lateral resolution of linear and
planar sensor matrices and cylindrical and spherical sensor
matrices, respectively; 2a denotes the aperture or size of sensor
elements; d is the distance from the imaging points to the
scanning center; r is the radius of the cylindrical and spherical
sensor matrix.

PA signals are broadband signals. Each frequency carries in-
formation. Thus, a full (200%) bandwidth is desired to enhance
the reconstruction of the image. In the experiment, resolutions
are determined by the point spread function (PSF).}*”] PSF can
be expressed as:[1%!

2

kC 2
PSF (d) = Id {(1+0.5FB)’J, [(1+ 0.5FB) k.d|
— (1= 0.5FB)*J, [(1 - 0.5FB) k.d] } (9)

where d is the distance to the center; k- = 2xf./v,; J; is the first-
order spherical Bessel function of the first kind.

As shown in Figure 2c, PSF’s full width at half maxima
(FWHM) is the experimental resolution for PAI systems. A larger
FB will result in a less oscillating PSF, leading to a finer spa-
tial resolution and a clearer image, as shown in Figure 2c. In
Figure 2b, traditional USs can hardly get a FB >100% while op-
tical USs tend to have FB >100%, and most USIP devices even
have a full FB. Therefore, PAI systems employing USIP will get
finer spatial resolution. In Figure 2d, as the central frequency
drops, the FWHM of the PSF curve broadens, and the curves be-
come more oscillating, in agreement with Equations (4) and (5).

From Equations (4) to (8), a high cut-off frequency is required
to achieve a high axial resolution. Figure 2b shows that optical
ultrasound detection, especially USIP, shows great superiority
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Figure 2. Ultrasound central frequency and bandwidth. a) Definition of f;, -, f; and B; b) central frequency and bandwidth (@—6 dB) reported. c)
Simulated normalized PSFs of USs under different FB (f- = 20 MHz); d) Simulated normalized PSFs of USs under different f- (FB = 100%@—6 dB).

Reference in (b):[14, 17, 22, 24, 55, 60-62, 65, 72, 75-77, 83, 85-104].

among the high-frequency ultrasound sensing methods. In addi-
tion, many USIP devices have more flat acoustic responses over
high-frequency regions with a FB >100% while traditional USs
tend to have a FB <100%, which results in a higher likelihood
of information loss in ultrasound signals. And USIP devices can
cover both PAM and PACT acoustic frequency regions, leading
to broader applications.

An optical ultrasound sensing element’s bandwidth is mainly
determined by the ultrasound wave propagation within the cavity
and the optical resonance.!! The geometry-limited cut-off fre-
quency, f;_p, is determined as:1%!

VS
fH—P = ﬁl (10)
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where h is the thickness of the sensor element. And the
resonance-limited cut-off frequency, f},_g, has an inverse propor-

tion to the time constant, 7, of the resonance:[1%°]
1 [
Su-r 0 (11)

where w is the angular frequency of the propagating light wave,
and Q is the quality factor of the resonant cavity. For exam-
ple, a Q ~ 10° for 1550 nm wavelength light results in a f;;  ~
12 GHz. A typical thickness of USIP devices (2 um) results in (as-
suming v, = 1500m/s) a f;;_p ~ 400 MHz. Therefore, f};_, often
domains in USIP devices.

The resolution of ultrasound imaging is significantly influ-
enced by the relationship between the cut-off frequency of the
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ultrasound detector and the pressure relaxation time of the target.
Specifically, when considering a spherical target, the thermal con-
finement threshold time 7, and the stress confinement threshold
time 7, are respectively:[1%]

DZ

— 12
Tin 4D, (12)

(13)

where D; is the thermal diffusivity (~0.14 mm?/s for soft
tissuelt%l), D is the diameter of the target, and v, is the speed
of sound in the medium. To obtain high-quality imaging, re-
searchers should select an ultrasound detector that cover the fre-
quency range of generated photoacoustic signals. Optimal pho-
toacoustic imaging is achieved when the cut-off frequencies of
the generated photoacoustic signals fall within the ultrasound de-
tector’s response region. Then the ideal high cut-off frequency
should be f; > 1/z, (for 7,, < 7). From this, we can derive that
the suitable thickness for ultrasound detectors, when resonance
limitations are negligible, is approximately h < 0.5D.

2.2. Imaging Depth - Sensitivity and NEP

Imaging depth is a critical advantage of PAI compared to optical
imaging due to the deep penetration of acoustic waves. Indeed,
maximum imaging depth is mainly decided by the acoustic at-
tenuation and the minimum detectable acoustic signal. Acous-
tic attenuation is due to scattering, absorption, diffusion, and re-
flection. In PAI, absorption attenuation is the main concern. Ab-

sorption attenuation is frequency-dependent and can be written
as:(119]

a,, = pf" (dB/cm) (14)

where f is the frequency-dependent absorption attenuation co-
efficient of the medium; f is the acoustic frequency and n is
the exponent determined by the medium (in water n = 2). The
frequency-dependent absorption attenuation coefficient in water
is about 0.00139 dB/(cm X MHz?).[1'!l And the reflection loss can
also be quantified:!']

Z = Zow \
— in out 15
. <Zin + Zoul > ( )

where Z,, and Z,,, are the acoustic impedances of the input and
output materials, respectively. The acoustic impedance of water
is 1.5 MRayl. The air-coupled ultrasound detection will induce
an extra interface, resulting in a high «,. For air-coupled USs,
a, is ultra-high, ~122 dB/cm for 10 MHz ultrasound,[''?! while
in water, the a, is only 0.139 dB cm™! for 10 MHz ultrasound.
Therefore, the air-coupled USs raises higher requirements for
the sensitivity of ultrasound detectors.l*’] PAMs typically have a
limited imaging depth of a few millimeters due to the absorption
and reflection loss of acoustic waves in tissues at high frequen-
cies. However, PACT can achieve an imaging depth of ~#10 cm by
utilizing low-frequency ultrasound signals.!**]
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In fact, the maximum imaging depth is determined by
the optical absorption in an illuminated medium and the
minimum detectable acoustic pressure of USs, which is defined
as noise-equivalent pressure (NEP), in units of Pa.[''3] NEP is
frequency-dependent since the noise level increases as the fre-
quency increases.”’! An ideal US should maintain a low and flat
NEP over a large acoustic bandwidth. So, the NEP spectral density
(NEPD), in the unit of Pa/ \/E, is also applied in characterizing
USs, which means a NEP over a bandwidth. Note that NEPD is
also called NEP in some literature. In traditional electrical USs,
the noise consists of thermal noise, sensor resistance noise, and
preamplifier-induced noise. The NEP can be expressed as:['%]

F Z
NEPtmditional (f) = kBT |:1 + - :| == (16)

n(f)] A

where kj is the Boltzmann constant, and T is the temperature; A
is the sensing area, 5(f) is the detector efficiency; F, is the noise
factor of preamplifier noise (low-noise preamplifier F, = 2); Z, is
the acoustic impedance. Meanwhile, in optical detection, the level
of noise depends on the specific used detection method. Inten-
sity detection is the most widely used detection method in USIP.
With intensity detection, the noise is caused by laser power fluc-
tuation Ny, laser statistic spectral instability N, shot noise
Ny,,; and Johnson noise coming from photodetector (PD) trans-
forming optical signal into electrical signal, and environmental
temperature fluctuation N,,,,,,,:(11#115]

2 2 2 2 2
NEPUSIP—id = \/NRIN + Nspec + Nshot + Njohnson + Ntherm

(17)
Ny = Spiy BR,P,G(T/S+ P) (18)
dT . . dP My di T
N,. =R, P,GB 2 —_— pz—__=Z 2 Z -
spec es LG laser’1 /C<dﬂ +S AT dP dneff d/12>/
(19)
Ny = \/2¢B/SR,P, (T/S+P) G\* G (20)
N]ohnsun =V 4'kB TtBG/S (21)
dP di
Nipermn = 77 ———C;AT, /(GG R,) (22)
! dA dn g !

where S;,y is the power spectral density; R, is the responsivity
of the PD; P, is the laser power; G is the transimpedance gain;
S = Z—Z is the output sensitivity; V is the output electrical signal; T
is the normalized transmission; P is the acoustic pressure; B,
is the laser linewidth; c is the velocity of light; ng is the effective
index of the waveguide; e is the charge of electrons; G, is the
gain of the PD and 1 < x < 2 is the excess noise index; C; is the
thermo-optic coefficient of the waveguide; AT, is the surround-
ing temperature change. Thus, there will be a trade-off between
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Figure 3. Sensitivity of USs. a) Comparison of USs’ NEP. b)Principles of acoustic modulation induced by dispersion and dissipation.[""®] ¢) Principle
of acoustic modulation induced by interference phase change. (Reference in (a):[14, 24, 26, 55, 60-62, 65, 73-78, 81, 83, 86, 87, 89-92, 94, 95, 98, 102,

120-135]).

B and NEP, according to Equations (17)—(22). While there is an
acoustic resonant structure like a membrane structure, things
will be different. The noise consists of thermal-mechanical noise
Sihermal» a0d probe-laser-induced shot noise S, ,.1''% The NEP can
be expressed as:[8116:117]

sho
NEP, membrane — ” thermal T :
1 (144w 2/1(2)
= — 1/ 2myk,T, + (23)
rCA 16nNG2| ¢|*
or
-& o

where r is the pressure participation ratio; ¢ is the spatial over-
lap of the acoustic incident area and the total sensing area; m is
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the effective mass of the sensor; w, is the angular frequency of
the acoustic waves; y is the intrinsic mechanical damping rate;
Kk is optical energy decay rate; y is a mechanical susceptibility
function; N is the number of photons in the cavity; # is the Dirac
constant.

USIP devices have a low NEP and NEPD, as shown in
Figure 3a. Most USIP devices appear to have a NEP lower than
10* Pa. Though a focusing laser can generate photoacoustic
signals >50 MPa,"8] the photoacoustic signals are typically
below 10° Pa over hundreds of MHz in PAL!'%] resulting in a

NEPD of hundreds of mPa/+/ Hz. Most traditional electrical USs

used in PAT have a high NEPD over hundreds of mPa/+/ Hz!°!
and, therefore, are not ideally suitable for PACT implementa-
tion, while high-end USIP devices typically have a low NEPD

at several mPa/+/ Hz.[28!] Compared to fiber-based USs, USIP
also demonstrates significantly lower NEP. A low NEP indicates
a high signal-to-noise ratio (SNR), which translates to a high

© 2024 Wiley-VCH GmbH

85UB017 SUOWWIOD A1) 8|qeot|dde auy Aq peusenob afe sajole O ‘88N JO S9N o} Akeiq18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIBY/LIOD"AB 1M AeIq U1 |UO//SdNL) SUONIPUOD PUe SWie | 8U18eS *[720z/0T/5Z] Uo A%iqiauljuo A8 |im ‘AseAun axesem Ad vTy00y2Z0z 1od|/Z00T 0T/I0p/wod A8 | imAeiqipuljuo//Sdiy Wwolj pepeojumod ‘0 ‘6688598T


http://www.advancedsciencenews.com
http://www.lpr-journal.org
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Flpor.202400414&mode=

RIGHTS

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.lpr-journal.org

Table 1. Stress-optical coefficient and Young’s modulus of some commonly used materials in integrated photonics. The refractive index is either obtained
from the website refractiveindex.info (O) or measured by ellipsometer (M) (RC2 XI+, J.A. Woollam).

Material Stress-optical coefficient Refractive index Young's modulus Acoustic References
[GPa~"] @1550nm [GPa] Impedance (Rayl)

Si C,=-1135x1073 3.673 (O) 130-188 1.95 x 107 82, 136, 137

C,=3.65x1073
SiN, 3.4(+0.1) x 1073 2.030 (M) 300-330 3.5 % 10’ [138-140]
Sio, C;=117x1073 1.444 (O) 12-89 1.36 x 107 82, 141]

C,=3.73x1073
Tio, -(1.79-2.14) x 1072 2.32(@ 1310 nm) (M) 72(x0.3) 1.7 x 10 (142, 143
Sug —-2.6 x107" 1.575 (M) 2.0 3.3 % 10° [144-146]
GSS (Gey3Sb;S7) Cp = (1.32£0.08) x 107" 2.220 (O) 16.4 / [144]

Cp = (3.42+0.08) x 107"
GSSe (Ge,g Shy, Seqp) / 2.680 (M) 22.1 / [147]
Polydimethylsiloxane (PDMS) >1 1.404 (O) 1.4 %107 1.48 x 10° [14, 83, 148
Polystyrene (PS) C;=48+03x1072 1.565 (O) 0.3+0.1 2.47 x10° 85, 149]
C,=29+03x1072
@632.8nm

Polymethyl methacrylate (PMMA) —~1.085 x 107" 1.472 () 3.24 3.25x 10° [149-151]

1Rayl = 1 kg - m~2s7".

intrinsic sensitivity. It is important to note that the sensitivity
of optical ultrasound cannot be directly compared to electrical
ultrasound due to different measurement methods. Instead, we
compare them using NEP. In traditional ultrasound systems,
sensitivity is defined as the ratio of output voltage to acoustic
pressure. In optical ultrasound systems, sensitivity is defined
as the ratio of optical transmission change to acoustic pressure.
Based on commonly used structural designs, the sensitivity
analysis of USIP is conducted accordingly.

Based on detection principles, USIP can be categorized into
resonant and non-resonant methods. In resonant methods, a
complete description of acoustic-optic interaction includes dis-
persion and dissipation.[®%11] As shown in Figure 3b, dispersion
induces a change in resonant cavity length to shift the resonant
wavelength, and dissipation induces intrinsic optical loss or cav-
ity decay rate change. Researchers often use resonant cavities for
high-frequency acoustic detection where dissipation is negligible
and hard to measure due to high Q factors. Therefore, the res-
onant wavelength shift is often used to characterize ultrasound
signals. The detection process involves introducing light of a spe-
cific wavelength into the resonant cavity, targeting the point on
the transmission curve with the sharpest slope. It is believed that
the power of the modulated output light exhibits a linear corre-
lation with the ultrasound signal. Therefore, resonant USIP de-
vices’ normalized sensitivity can be written as:[*?]

dT 4T di 9ng

S == -2 2 9
resonant dP dﬂ dngﬁf dp

(25)

where T'is the transmission and P is the acoustic pressure; Ny is
the effective refractive index of the resonant cavity. In a resonant
cavity, there is an equation:

ngl=ma, (26)

Laser Photonics Rev. 2024, 2400414
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where [ is the resonant cavity length and 4, is the resonant wave-
length. Considering a small perturbation in n,; and = 4,:

da
di N — = 1A N — (27)
dneﬁr alngﬁr mo g Ny

And % is linearly proportional to the cavity Q and D9 55 the
stress-optical coefficient of the material, C. Then Equation (25)
can be expressed as:

S —A0tc (28)

e

resonant

where A is a constant.
From Table 1, we can approximately get an empirical equation:

Ex (29)

als

where E is Young’s modulus, n is the refractive index. Since C
of materials is challenging to measure, we can refer to E. Then
Equation (28) can be written as:

S ~ AQA/E (30)

resonant

From Equation (30), when we design a USIP device, we can
choose low Young’s modulus materials with a high Q factor and
ensure it operates at longer wavelengths.

For non-resonant USIPs, the Mach-Zehnder interferometer is
the conventional structure. There are two arms, one for sensing
and the other for reference. The detection principle is shown in
Figure 3c. The sensitivity can be expressed as:(*2']

S (31)

non—resonant — a input

ap

dT‘

© 2024 Wiley-VCH GmbH
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Figure 4. Illustrations of some other factors affecting PA image quality. a) Directional acoustic response over different 2a/A (r axis: dB; 0 axis: degree);
b) simulated acceptance angle under different 2a//; c) acoustic wavelength in water under different frequencies (v;= 1500 m s7'); d) typical size of
USs; e) reconstructed images under different numbers (N) of sensor elements (f =5 MHz, aperture: 1.32 mmx20 mm) from a customized half-ring
(r =55 mm) 128-channel PACT system (TsingPai Technology Co., Ltd.). We use N = 16, 32, 64, and 128 channels to reconstruct a PA image of a finger,
respectively. The channels on each image are chosen with no overlap and are uniform on the half ring.

where « is the overall loss and I, is the input light power.
Therefore, according to Equations (25)—(31)s, a soft and low-loss
material is ideal for non-resonant USIPs. And the broad band-
width of ultrasonic systems can be achieved through their high
sensitivity across a wide range of frequencies.

According to Equations (30) and (31), USIP devices could
achieve high Q factors and have more material alternatives, re-
sulting in a high detection sensitivity among optical USs.

2.3. Image Quality —Size and Element Number

Other factors, aside from resolution and imaging depth, such
as the size and element number of the detectors, will also af-
fect the PA image quality. In addition to the factors discussed,
various other effects also play a significant role in determin-
ing image quality in practical applications of USIP. These in-

Laser Photonics Rev. 2024, 2400414
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clude surface acoustic waves, 33! reverberations,#*#] mechanical

resonances, 81121 diffraction from edges,®*! and non-linear ef-
fects in optical resonators,#152] among others.

The US’s size or aperture is a parameter that significantly in-
fluences the image quality. In Equations (7) and (8), we know that
the size of the US will influence the lateral resolution of PACT
systems. Meanwhile, large size will also influence the image qual-
ity due to its directional acoustic response because the photoa-
coustic signals are not parallel in space. The directional response
difference D(0) can be expressed as:[1%!

2], (kasin )

Do) = kasin@

(32)

where k is the wave vector of the photoacoustic signal.
From Figure 4a,b, it can be observed that a lower value of 2a/4
leads to a more omnidirectional response. As shown in Figure 4c,
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alarge acceptance (@—6 dB>40 degrees) needs a 2a/1<1.95. And
at —3 dB, the ratio should be <1.4. As shown in Figure 4c, the
size should be further minimized at a high frequency. For ex-
ample, if we desire a 50 MHz photoacoustic signal, our sensor
should have a size <60 um for reasonable high-quality imaging.
Figure 4d illustrates the dimensions of the USs, with USIP de-
vices demonstrating the smallest sizes, even within the submi-
cron range.[®?] Furthermore, the sensor’s shape significantly im-
pacts image quality by affecting its angular response. For an in-
depth analysis, refer to the eighth figure in reference [109].

In PACT systems, a sensor matrix is required for fast detec-
tion. We can see from Figure 4e that reconstructed finger image
quality differs under detector element numbers of 16, 32, 64, and
128. Alexander Dima et al.'*] first studied the sensor element
number’s influence. A high-quality reconstructed image requires
a high-density and large element number sensor matrix. The
state-of-the-art traditional-US-based PACT system has a sensor
element number of 1024.12°153] Fiber sensors can integrate over
50 000 elements on a single optical fiber.*¥) However, these
sensors have to be used in free-space galvanometer scanning,
greatly complicating the detection system. And the integration
of a large number of elements in USIP devices remains largely
unreported due to technical limitations and challenges. The
largest USIP device’s element number integrated with a matrix
on a single bus waveguide is 15.8%9% Indeed, the integration of
USIP sensor matrix is seen as a promising avenue for future
research, especially in the field of PACT. Theoretically, with
wavelength-division-multiplexing (WDM) technology,!>+ 5] we
can integrate hundreds to thousands of elements on a bus waveg-
uide. However, practical applications face certain challenges.
For instance, in the case of MRR sensors, accurate control over
the resonant wavelength is difficult due to fabrication errors,
causing the resonant wavelength to fall almost randomly on the
transmission spectrum. Additionally, it is crucial that all reso-
nant wavelengths fall within a single free-spectral range (FSR)
to differentiate them over the spectrum. The spectrum requires
a certain wavelength range, which is inversely proportional to
the Q. Therefore, the practical number of USIP device integra-
tion is determined by the Q factor and the FSR. Furthermore,
each resonator cavity introduces insertion loss, which becomes
significant under a low Q factor. Hence, the element number,
Num o Z2C "if the insertion loss is negligible. Nevertheless,
researchers have proposed some FSR-free cavity designs that
may provide a solution to these limitations.15¢17]

While the spatial averaging model suggests that sensor size
exclusively determines the sensor’s spatial response, this is of-
ten not the case in practical scenarios.'>® Effects such as surface
acoustic waves, reverberations, mechanical resonances, diffrac-
tion from edges, and optical nonlinear effects can also sig-
nificantly impact the sensor’s ultrasound response. In 2022,
Amir Rosenthal’s group demonstrated that an optimal acoustic
impedance match for the US can mitigate the parasitic effects
of acoustic reverberation and surface acoustic waves (SAWs).[83
Subsequently, in 2023, they also illustrated that a phase moni-
toring scheme based on the Mach-Zehnder interferometer can
effectively suppress laser phase noise. They further showed that
a larger mode volume can reduce the impact of nonlinear effects,
thus enabling a high tolerance for interrogation powers.[]

Laser Photonics Rev. 2024, 2400414
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3. Optical Device Structure Designs for Ultrasound
Sensing

Typically, there are four types of structures for USIP: Microring
Resonator (MRR),[1#78159-162] Fapbry.Perot (FP) resonator,!”>16%]
Bragg Grating (BG),[%216+1¢7] and Mach-Zehnder interferometer
(MZ1),[113:168.169] 35 shown in Figure 5a—-d. We will introduce each
of these designs individually in this section.

3.1. Resonant Method
3.1.1. Microring Resonator Structure

As shown in Figure 5a, an MRR comprises a ring cavity and a
straight waveguide, enabling light coupling into and out of the
resonator. The structures are subject to deformation induced by
ultrasound waves, affecting both the ring waveguide (mainly the
cross section) and the coupling region, resulting in a shift in the
resonant wavelength, shown in Figure 3b.”!l The deformation
in the cross-section mainly induces dispersion, and the coupling
region mainly induces dissipation. As mentioned before, we of-
ten neglect the deformation effect in the coupling region. In the
following section, we classified and reviewed MRRs based on var-
ious optical materials.

Polymer MRR:  As shown in Table 1, Polymer materials ex-
hibit high levels of photoelastic performance. According to Equa-
tion (30), low Young’s modulus makes them a popular choice for
researchers developing USIP devices on Polymer MRRs. PS is a
popular material due to its high stress-optical coefficient and low
Young’s modulus, as shown in Table 1. Guo, L. Jay’s group has
been fabricating a series of PS MMRs using nanoimprint tech-
nology at near 1550 nm wavelength since 2002.1'7°! In 2004, they
first applied a PS MRR for ultrasound detection.l’!! The first PS
MMR, with a diameter of 60 pm, had a relatively low Q factor
of #1000 and a —3 dB bandwidth of only about 10 MHz. The
measured sensitivity was 3 X 10~ RIU/kPa. They later achieved
a PS MRR with an intrinsic sensitivity (d4/dP) of 21 pm MPa~!
and a diameter of 95 um in 2007.1%] The NEP is measured to

be 150 kPa over a bandwidth of 40 MHz (2.4 Pa/\/H_z). Then
in 2008, a —3 dB bandwidth of over 90 MHz and a Q factor of
6000 was achieved.[®”] They applied their polymer MRR in PAI in
200811 achieving an axial resolution of 90 um and a lateral reso-
lution of 150 um, and later obtained a high resolution of 12.5 um
in 2009.1'"1 The Q factor was improved to be ~1.5 x 10°['2°] and
even 5.1 x 10°.1'2] Moreover, the PAI system was improved to
have an axial resolution of 21 um and a lateral resolution of
55 pum.[122171172] Tn 2014, they fabricated an MMR with a —3 dB
bandwidth of 350 MHz, working near 780 nm, the most broad-
band USIP device ever reported.”’] A sub-3 um axial resolution
was achieved with this MMR. Hao F. Zhang and his co-workers
also significantly contributed to polymer MMR USIP.[6492:173.174]
Their group used SU-8 MRRs by e-beam lithography on PAIL
Their SU-8 MRR achieved a bandwidth of 140 MHz[®?! with an
NEP of 6.8 Pa and 250 MHz with an NEP of 352 Pa.[®*] However,
to maintain a high Q factor the sensors have work at wavelength
near 780 nm. According to Equation (30), the sensitivity can still
be improved. Later, they used nanoimprinted PS MRR with a
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Figure 5. Schematics of reported USIP. a—d) Schematics of USIP devices on MRR, FP, BG, and MZI, respectively. ) MRR fabricated by soft nanoimprint-
ing lithography for PAMI™I: f) suspended microdisk US (scale bar: 20 um)[2%l; g) split-rib resonator (SRR) with an air gap!®']; h) chalcogenide MRR for

photoacoustic sensingl®'l; i) waveguide optical cavity ultrasound detector (WOCUD)

1751831, ) silicon BG ultrasound sensor(®3; k) polymer inverted-rib

waveguide MZI sensorl’4]; I) membrane-based silicon MZI US.I'%] Reproduced with permission from refs. [14, 74, 75, 80, 81, 83, 91, 120, 163].

transparent substrate, achieving an axial resolution of 3.57 ym
(at best, it can be 2.12 um!/'7#l), as shown in Figure 5e and has
been applied to live-mice brain imaging.['+124]

Si and Si;N, MRR: For fine-pitch (2D) arrays with less than
50 um pitches, polymer MRRs are challenging to achieve small
sizes due to low refractive index contrast.['””] In contrast, Si/SiN-
based MRR USIP detectors are compact and CMOS-compatible,
allowing fast mass production for scalable 2D arrays. However,
due to the low photoelastic coefficient of Si and silicon nitride
(SiN), the typical Si and SiN MRRs exhibit a low sensitivity.
Acoustic membranes are usually applied to enhance the ultra-
sound response of these MRRs. In 2015, Leinders et al. first re-
ported using Si MRRs for ultrasound detection.l”®17¢ Their sen-
sors had a sensitivity of 2.1 mV /kPa and NEPD of 0.4 mPa/ \/ﬁ
and operated with a central frequency of 0.76 MHz. The —6 dB
bandwidth was 144.4 KHz and the diameter was 120 um. Fellipe’s
group later integrated a ring resonator with a fiber MZI system
to enhance the detection sensitivity, achieving an intrinsic sensi-
tivity of 21.4 fm Pa~! and a spatial resolution of 66 um with their
intravascular ultrasound (IVUS) imaging system in 2017.12!1 The
sensors worked at a frequency of ~1 MHz. Vladimir Stojanovic’s
group reported the fabrication of silicon MRRs using a zero-
change advanced CMOS-SOI process in 2019, achieving detec-
tion at over 10 MHz frequency with a measured Q factor of
~ 10*.1"77] They later fabricated a 4 x 8 MRR sensor array in
2021.178171 However, their sensors were several hundred mi-
crons in size and used individually. In 2022, they integrated an
MRR-based ultrasound sensor into a detection system on a sin-
gle chip.['®] In 2020, Yang et al. reported an etched silicon-on-
insulator (SOI) MRR ultrasound sensor with an acceptance an-
gle of ~75 degrees.™>! In addition to Si, devices based on SiN
are also CMOS-compatible. In 2019, Robin Singh reported a SiN-
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based MRR for photoacoustic sensing working at central fre-
quency 1 MHz with a NEPD<1 mPa/+/Hz.") Though Si and
SiN based MRR are CMOS-compatible and small sized, the high
Young’s modulus and high reflection acoustic loss (=6 dB)!'8!]
limit its application in high-frequency ultrasound detection.
According to Equations (23) and (24), N « Q, thus a higher
Q factor represses the shot noise, leading to a thermal-noise-
dominant NEP,, ;.- Microdisks (MDs), another whisper-
gallery-mode (WGM) resonator, usually have ultra-high Q
factors. In 2019, Sahar Basiri-Esfahani reported a silicon MD
ultrasound sensor with extremely high sensitivity,*°! as shown
in Figure 5f. The NEPD of this device is in the range of 8-300
pPa/\/Hz, with an intrinsic Q of 3.6 x 10°. In 2022, Yang et al.
reported a MD ultrasound sensor with an optical Q of ~107.1112]
The NEPD is 46 uPa/ \/ﬁ— 10 mPa/\/E in the frequency
range of 0.25-3.2 MHz for acoustic response. And in 2023, they
improved the NEPD to be 1.18 yPa//Hz.[116] Although their
sensitivity is even several orders higher than MRRs, there is a
drawback that the best sensitivity only appears in a narrow band-
width near each mechanical resonance for MD USIP devices.[®!
Some researchers have figured out ideas to improve the high-
frequency response for Si and SiN MRR by applying micro-
mechanical systems or membranes on the MRRs. In 2021, West-
erveld et al. induced an air gap membrane over a silicon MRR,
as shown in Figure 5g.8! The split-rib resonators (SRR) were re-
ported to have a bandwidth over 30 MHz and an NEPD of 1.3
mPa/ \/E The SRR consists of a silicon MRR, a 15 nm air gap,
a silicon slab, and a membrane over it. And the MRR works in
TM mode, making it more sensitive for ultrasound. An axial res-
olution of 20 um was achieved for a 15 um MRR. A fine-pitch 2D
sensor matrix was also fabricated and coupled through optical
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fibers, and the process is COMS-compatible. However, the fabri-
cation process is complicated, significantly increasing the fabri-
cation cost.

Si or Si;N, Waveguide Core and Polymer Cladding MRR: A re-
cent approach to improving the high-frequency response is to
coat a soft material (typically a polymer) as the cladding layer and
design to have more optical field distribution in the cladding.
PDMS is a popular material with Young’s modulus of only
1.4 MPa. And the acoustic impedance of PDMS (148 KRayl) is
close to water (150 KRayl). According to Eq(9), the «, for ultra-
sound entering PDMS from water is only 0.05 %.[1 It was noted
that a hybrid structure with a hard core (Si/SiN) and soft poly-
mer cladding enhancing the sensitivity of USIP was first demon-
strated by R. Kumar et al. in 2019, though they have not per-
formed it on MRR devices.[®?] In 2023, Ding et al. added a SU-
8 cladding to a TM mode silicon MRR.[**] The Si layer is only
220 nm in a standard SOI wafer, whereas TM mode has a larger
optical field distribution within the cladding. Thanks to the low
Young’s modulus and a relatively high Q factor of 7.4 x 10*, the
NEP of 65 Pa over 20 MHz bandwidth was achieved. And the -
6 dB bandwidth was extended to 165 MHz. In 2023, Michael Nagli
etal. applied a similar approach. They coated a 400-nm-thickness
SiN MRR with PDMS.[#9 Although the MRR works at TE mode,
the thin thickness (400 nm) and narrow width (1 um), together
with a low refractive index (x2.2), allow a large optical field dis-
tribution in PDMS cladding. The 30 pm-diameter-SiN MRR has

a bandwidth of 120 MHz and NEPD of ~7 mPa/+/ Hz. However,
the narrow width of waveguide limits the Q factor. In 2017, Zhang
et al. found out that a slot MRR may show high performance on
high-frequency detection by simulation.['®?] In this approach, the
thickness of the cladding layer should be thin enough to avoid the
high-frequency absorption attenuation coefficient of PDMS and
SU-8. For example, a 10 um PDMS will induce 1.2 dB acoustic
attenuation at 100 MHz, which cannot be neglected.!']
Chalcogenide-Based based MRR: In 2023, Pan et al. reported a
1 x 15 high Q (>5 x 10°) chalcogenide-based MRR (r = 20 um)
array for PACT, demonstrating great potential for chalcogenide
MRR ultrasound sensors, as shown in Figure 5h.[°!l The sensor
elements in this array achieved a 6 dB bandwidth of 175 MHz

with a NEP of 2.2 mPa/ \/E and a single bus waveguide was in-
tegrated to connectall 15 elements. Chalcogenide glasses (ChGs)
show a low Young’s modulus (approximately an order of magni-
tude lower than Si and SiN) and maintain high refractive indices
(>2). The example in ref. [91] offers another promising alterna-
tive if we can better control the aging of this material. Another
innovation is the application of the optical comb system. This ap-
plication shows another fast PACT implementation for cascad-
ing USIP on a single bus waveguide when high Q factors are
achieved.

WGM resonators usually have a high Q factor and are small
in size. The highest Q factor for WGM resonators reported is
10,1831 and the smallest one is under submicron level.l'®* The
MRR is considered the ideal structure for USIP based on these
two parameters. However, the narrow free spectral range (FSR)
for WGM usually appears, and when the diameter goes down, the
Q factor falls rapidly. Moreover, when integrated into a matrix, the
resonant wavelength control on MRR is relatively imprecise due
to small fabrication tolerances on resonant wavelength shifts.
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3.1.2. Fabry-Perot Resonator Structure

FP resonator is another integrated design for ultrasound sensing.
A narrow-linewidth laser beam is utilized to measure the distance
between two mirrors forming an F-P resonator, as illustrated in
Figure 5Db. The characteristic curve of the resonator, represented
by the reflected light intensity versus wavelength, exhibits change
due to the distance variation between the mirrors. In addition, a
soft layer placed on top of the mirrors deflects under pressure to
detect acoustic pressure, which alters the distance between the
mirrors. As a result, the reflected light intensity changes as a
function of the distance between the mirrors shown.

In 2007, Shai Ashkenazi’s group reported a 2D sensor array
containing gold nanostructure. This device has a 6 dB bandwidth
of 57 MHz and works at a central frequency of 40 MHz. They
achieved 6 dB axial and lateral resolution of 19 and 38 um, respec-
tively. Moreover, in 2014, this group reported a polymer waveg-
uide FP cavity with two dielectric Bragg mirrors for ultrasound
sensing, as shown in Figure 5i.[7>163] This device has a bandwidth

of 30 MHz and NEP of 0.03 Pa/+/Hz.

USIP devices on FP sensors typically have small sensor ele-
ments, often at a sub-micron scale, allowing for fine-pitch 2D
sensor arrays to be fabricated. However, the detection must be
performed under free-space galvo scanning, greatly complicating
the PAI system based on waveguide FP-based USIP.

3.1.3. Bragg Grating Structure

Next, we introduce USIP devices on BGs, which consist of peri-
odic width gradient waveguides shown in Figure 5c. The periodic
waveguide structure forms two BG reflection mirrors. The two
mirrors reflect the light to form a standing wave resonant cav-
ity. The resonant wavelength is determined by the period. When
acoustic waves are applied to the Bragg grating, they exert pres-
sure and modulate the refractive index, resulting in an effective
period modulation. These perturbations ultimately result in res-
onant wavelength shifting within the device.

In 2012, Shai Ashkenazi's group demonstrated polymer Bragg
waveguide ultrasound detectors. They fabricated a 1 x 15 SU-8
device array using direct electron beam lithography, achieving
a sensitivity of 7.6 pm MPa~!, and an NEP of 5.5 kPa in a
bandwidth of 60 MHz. The element is 500 X 1.5 um.['%2 In 2014,
Vasilis Ntziachristos’s group reported an embedded SOI Bragg
grating US. In 2014, Vasilis Ntziachristos's group reported an
embedded SOI Bragg grating US with a view angle of about
26.6 degrees,!** and in 2020, they reported a sub-micron SOI
resonator for photoacoustic/ultrasound sensing, with a 6 dB
bandwidth over 230 MHz.[%2185] The view angle reached 148 de-

grees, and the NEPD is 9 mPa/ \/Hz. The PAM reached a spatial
resolution of 0.65 um, the highest resolution of a PAI system
based on an integrated photonics platform. This sensor senses
the acoustic signal by the side surface, leading to a sub-micro
aperture. However, the side surface sensing limits its 2D integra-
tion. In 2019, Heming Wei and Sridhar Krishnaswamy reported
a direct laser-written z-shift Bragg grating.['?] A sensitivity of
268.4 mv MPa~! and a Q factor of 18 059 were achieved. A NEP
of 5.3 kPa was obtained. Amir Rosenthal’s group also contributes
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alot to BG-based ultrasound sensors.[638386186] They first applied
the hybrid structure with a hard core (Si/SiN) and soft polymer
cladding on a micro resonator by demonstrating a Bragg grating
device coated by PDMS with over 200 MHz bandwidth and an

NEP of 2.2 mPa/+/Hz,®* shown in Figure 5j. The PACT system
reached a resolution of 25 um for all axes. And they also applied
it to mouse ear imaging. Later, they integrated 5 X 7 z-BG (7 on
one bus waveguide each) to perform them on PAL[?] In this
work, they proposed a femtometer pulse laser method to achieve
fast matrix scanning.

USIP devices on BG are manufactured with a CMOS-
compatible process and have a highly sensitive sensing area that
can be as small as a submicron level, translating to high resolu-
tion when used in PAI. The bandwidth of BG-based USIPsis usu-
ally over 100 MHz. And the FSR is relatively large and can even
be FSR-free.!'>*] A wider FSR can contribute to more element cas-
cading. However, most BG-based USIP devices do not sense the
ultrasound by a small aperture, especially when the sensors are
integrated into a 2D matrix. The apertures tend to be ~100 um
(except when using facet sensingl®?), limiting its acceptance an-
gle. And the Q factor is hard to achieve 10* level. All BGs applied
on USIP use direct coupling, resulting in a high scattering loss on
the bus waveguide. A side coupling may be able to decrease this
loss and cascade more elements on a single bus waveguide.!'>*]

3.2. Non-Resonant Methods
3.2.1. Integrated Mach-Zehnder Interferometer Structure

The USIP device on MZ], illustrated in Figure 5d, detects ultra-
sound operations based on the optomechanical principle. Ultra-
sound waves in the appropriate frequency range impinge on the
membrane cause excitation in its vibrational mode. This mechan-
ical vibration results in the modulation of the effective length
and index of the spiral waveguide, leading to phase modulation
of the guided mode. This phase modulation, integrated over the
length of the waveguide, leads to modulation of the output power
of the MZI. Specifically, the optical power arriving at the com-
biner MMI is proportional to the effective index and length of
the spiral on the membrane. In this manner, the sensor can de-
tect ultrasound waves by measuring the resultant modulation in
the output power of the MZI, shown in Figure 3c.

In 2012, Daniel Gallego reported a polymer inverted-rib MZI
ultrasound sensor, shown in Figure 5k, with an NEP of ~102 Pa
for 20 MHz bandwidth,[”*l whose waveguide is covered with poly-
mer cladding. V. Rochus’s group applied their silicon MZI pres-
sure sensor on acoustic sensing working at hundreds of kHz fre-
quency ranges in 2017,['"* and in 2020, they applied it to PAL[']
In 2019, Boling Ouyang et al. reported an on-chip MZI US,
shown in Figure 51,1'2% with a sensitivity of 0.62 mV kPa~! and a
NEPD of 0.38 mPa/ \/H_z The frequency centered at 0.47 MHz
and the 6 dB bandwidth is 194.6 kHz. In 2017, Marcel W. Pruess-
ner introduced a micro-/nano-opto-electro-mechanical system
(MOEMS/NOEMS) on one arm of the MZL[!%8] This MZI has
a resonance frequency of 2.961 MHz and a mechanical Q ~10*.

For USIP devices on the MZI platform, the examples previ-
ously cited show that the size is typically over 100 um, which
makes it difficult to scale down to a fine-pitch array. Additionally,
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Table 2. Comparison of PAI systems’ parameters based on USIP and tra-
ditional platforms.

Imaging depth Depth-to-resolution Reference
[mm] Ratio (DDR)
USIP-based
PAM
IM-PAM ~0.025 ~12 [173, 185]
SWED-PAM 0.2 44.4
PACT
SSR-PACT 10 ~500 81, 185]
SWED-PACT 10 1000
Traditional
PAM
SW-PAM 0.1 6.7 1
PACT
3D-PACT 40 108 [153]

the frequency range often centers at sub-MHz levels. The low f
and FB limits its application on PAIL

4. Applications of USIP Devices on PAI Systems

Integrated photonics platforms have been employed in several
PAI systems, with the key parameters of resolution, imaging
depth, imaging speed, and depth-to-resolution ratio (DRR) to be
optimized separately.

As shown in Table 2, a DRR of ~200 is typicall'®”l; PAM and
PACT systems based on USIP devices get a higher DDR factor,
implying superior performance. In high-end traditional PACT by
L.V. Wang’s group,[’*®! the resolution is 0.37-0.39 mm with an
imaging depth of 4 cm, a DDR 108, while for SWED-PACT,
the resolution at 1 cm reaches 10 pm, resulting in a DRR of
1000, an order of magnitude higher than the traditional one.
And the SSP-PACT resolved 20 pm and a DDR =500 for 15 um
SRR.BY For PAM, PAM in reference [11] showed a DDR %12,
while SWED-PAM shows a resolution of 4.5 ym in an imaging
depth of 200 um, resulting in a DDR of 44.4.

Two methods have been employed for acquiring photoacoustic
imaging. The first approach involves scanning individual USIP
sensors to capture the imaging, while the second approach uti-
lizes USIP sensor arrays for reconstructing the imaging.

4.1. Scanning Methods for Point USIP Sensor Imaging Systems

Most PAI systems utilizing USIP devices employ mechanical
scanning, primarily because most USIP devices function as point
sensors. Two primary mechanical scanning methods are illus-
trated in Figure 6. The first method involves fixing the sample
on a scanning motor stage (including linear and rotational scan-
ning) for multi-dimensional imaging, as shown in Figure 6a. In
contrast, the second utilizes a galvo scanner for scanning the
photoacoustic excitation light beam, as shown in Figure 6b. The
motor scanning method typically offers a larger field of view
(FOV) and greater system robustness.[%892185] However, it is
characterized by prolonged scanning time, constraining imaging
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Figure 6. Scanning methods and examples of PAI systems using USIP sensors. a) motor scanning PAM system; b) an example of motor scanning
PAMI®Z]; ¢) Galvo scanning PAM; d) an example of galvo scanning PAMU4]; e) motor scanning PACT system; f) an example of motor scanning PACT

system.“z“] Reproduced with permission from refs. [14, 92, 124].

efficiency, and limiting the feasibility of 3D real-time imag-
ing. Furthermore, motor scanning may introduce vibrations to
the sample, potentially compromising imaging quality. Hao F.
Zhang’s group first applied this scanning method on a PAM sys-
tem utilizing USIP devices in 2014.[ The polymer MRRs were
integrated on a fiber for endoscopy application, achieving reso-
lutions of 16.0 pm axially, 15.7 pm tangentially, and 4.5 um radi-
ally. Later in the same year, they used an SU-8 MRR, achieving
an axial resolution of 5.3 pm and a lateral resolution of 2 pm by
mainly improving the acoustic bandwidth of the MRR, shown in
Figure 6b.[%?!

Comparatively, the galvo scanning method demonstrates supe-
rior imaging speed owing to the high efficiency of the galvo scan-
ner, making real-time PAI a promising prospect!}*171173.174] Thig
approach avoids introducing vibrations to the sample, rendering
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it more suitable for in vivo imaging. However, it is noteworthy
that the focusing is not on a flat plane during scanning, leading to
potential imaging distortions. Additionally, the scanning area is
restricted due to the galvo’s limitations in scanning large angles.
This method was first applied to USIP-device-based PAM by L.
Jay Guo’s group in 2011.["71] Mouse bladder wall images were ob-
tained with resolutions of 5 ym laterally and 8 um axially. In 2015,
Hao F. Zhang’s group also utilized the galvo scanning method,
achieving a lateral resolution of 0.72 ym and an axial resolution
of 2.12 ym.["73] They achieved simultaneous single-cell imaging
with extrinsic fluorescence staining, intrinsic autofluorescence,
and optical absorption, establishing a foundation for functional
biological integrating photoacoustic imaging. In 2019, shown in
Figure 6d, they performed in vivo mouse brain imaging with their
optimized MRR sensor under galvo scanning PAM, pioneering
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an application scenario of integrating photoacoustic imaging for
brain research.'¥]

A modification to the motor scanning PAM system involves
replacing the objective lens with a diffuser and fixing the sensor
on the motor stage, allowing it to function as a PACT system, as
shown in Figure 6e.18389122124172] Dye to challenges in integrat-
ing USIP sensor matrices, including fabrication tolerance and
readout systems, most PACT systems opt for sensor scanning.
Motor-scanning PACT was first performed by L. Jay Guo’s Group
in 2011, achieving resolutions of 50 ym axially and 55 pm later-
ally when imaging carbon fibers.!'??] In 2014, L. Jay Guo’s group
demonstrated a simple, functional photoacoustic imaging demo
of wire and cyst phantoms using 532 and 750 nm lasers.['”?] In
2022, Junjie Yao’s group conducted photoacoustic imaging exper-
iments on ex vivo mouse brain and in vivo mouse ear and tadpole
under MRR sensor-based motor scanning PACT system, achiev-
ing an imaging depth of 8.5 mm with sub-100-micron resolu-
tion, as shown in Figure 6f.12*] However, the limitation of this
system is that fixed illumination restricts FOV. Notably, in 2023,
Amir Rosenthal’s group pioneered a technique to scan the illumi-
nation with the sensor, thus achieving an unrestricted FOV.[18¢]
Although the resolution of PACT can be greatly improved, the
imaging time consumption greatly increases. However, the low
time consumption is a great advantage of PACT systems com-
pared to PAM systems. A sensor matrix can greatly improve
imaging efficiency. Therefore, sensor matrices are the direction
of development for USIP sensors.

4.2. USIP Sensor Matrix Imaging System

As universally recognized, US matrices are particularly well-
suited for PACT systems, necessitating the development of USIP
sensor matrices. While there is a dearth of reports on high-
density, large-scale integrated USIP sensor matrices, some re-
searchers have presented notable demonstrations, as depicted in
Figure 7.[73,81,91,127,157,180]

In 2008, Jay Guo’s group pioneered a four-MRR integration
on a single waveguide for ultrasound detection.[”*] Subsequently,
in 2021, Westerveld et al. showcased a 1 X 10 sensor matrix
demo, with each element functioning independently.®!] They as-
serted its potential for 2D high-density integration, utilizing a
continuous-wave (CW) laser tuned to each resonant wavelength
to address individual sensor elements, as shown in Figure 7b.
Panagiotis Zarkos et al. reported a 4 x 8 sensor matrix in 2023,
employing a comb laser for wavelength-division multiplex inte-
gration. They achieved resonant wavelength tuning by applying
heaters to the MRRs, aligning with the comb laser.[18]

An alternative USIP sensor matrix readout approach involves
employing a digital frequency comb light source, as illustrated in
Figure 7c. The readout principle was initially proposed by Amir
Rosenthal in 2014.7 In 2022, Amir’s group reported a 5 X 7
sensor matrix based on Bragg Grating sensors.!'””] However, the
sensor could not work simultaneously due to the low Q factor. A
low Q resonator matrix integration requires an ultra-broad band-
width optical modulator for comb laser source generation. In
2023, Pan et al. presented a breakthrough with a 1 x 15 MRR sen-
sor matrix, demonstrating simultaneous operation for each ele-
ment, facilitated by the high Q factor of the sensor.”!l The PACT
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systems showed great performance for living zebrafish imaging,
as shown in Figure 7d.

The CW-tuning laser method allows large-tolerance sensor
fabrication, enabling wafer-scale production in standard foundry
manufacturing. However, this approach has inherent drawbacks.
Primarily, only one sensor operates at a time with a single detec-
tion light, necessitating a corresponding number of lasers for in-
tegrated systems, substantially elevating costs. Additionally, the
resonant wavelength is susceptible to temperature changes or
vibrations, posing challenges related to wavelength mode-lock.
These issues may be mitigated by on-chip tunable laser arrays in
the future, as depicted in Figure 7e.[8171 On-chip lasers have the
potential to significantly reduce costs associated with light power
integration and the application of heaters to USIP sensor ele-
ments for thermal-optical wavelength tuning.!'8] Conversely, the
frequency-comb readout method has demonstrated successful si-
multaneous sensor matrix functionality for Photoacoustic Imag-
ing (PAI).°!l This approach liberates detection from wavelength-
lock constraints and exhibits insensitivity to temperature varia-
tions or minor vibrations. However, the low comb tooth spacing
restricts the application of high-frequency ultrasound signals in
PAI. Moreover, the demanding requirements for a high Q factor,
essential for large-scale integration, pose significant reliance on
the fabrication process. The future prospect of achieving a THz
optical modulator may enhance the performance of frequency-
comb readout. As integrated photonics fabrication processes ad-
vance, the realization of wafer-scale fabrication for frequency
comb readouts becomes a feasible prospect.

5. Prospect and Conclusion

Conventional electrical ultrasound detectors face limitations
such as narrow bandwidth, restricted miniaturization, and poor
sensitivity. Optical ultrasound detection has shown promise as
an alternative due to its superior performance and capabilities,
such as high sensitivity and broad bandwidth. Technologies such
as free-space optical ultrasound detection have demonstrated im-
proved bandwidth and sensitivity. However, miniaturization is
limited due to the long free-space optical path. The measure-
ments are not convenient. Fiber-based ultrasound detection can
be fabricated in a high-density 2D sensor array,!®! but galvo scan-
ning for element detection limits its efficiency. Moreover, they
are challenging to scale up effectively for mass production as
USIP devices. CMOS technology facilitates the mass production
of USIP devices. USIP devices are usually reported to possess
higher sensitivity and broader bandwidth than other optical tech-
niques. Additionally, their compact size allows for a wider accep-
tance angle. Recent research has also demonstrated the success-
ful integration of USIP devices in 2D fine-pitch arrays.8!l As a
result of these advantages, USIP is considered one of the most
promising techniques for high-resolution ultrasound detection
and imaging platforms.

Considering the imaging depth, resolution, and image qual-
ity of PAI systems, there are four trends for the future devel-
opment of USIP and other ultrasound detection methods: high
sensitivity, miniaturization, integration, and flexibility. While a
flexible USIP has not been demonstrated thus far, its potential
to conform to biological tissues and facilitate the fabrication of
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Figure 7. USIP Sensor matrix imaging working principle and imaging examples. a) continuous-wave (CW) laser tuning readout; b) an example of CW-
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Table 3. Performance comparison of USIP sensors.
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Method NEP(Pa)/NEPD  f- (MHz)/FB[%] Q Aperture [um] Array Fabrication Process Reference
(mPa/\/E) integration
MRR Polymer MRR N.R. N.R./ N.R. ~1000 60 Single element Nanoimprint [71]
150k/~2.4k 40/~175 600 95 Single element Nanoimprint [85]
230/~27 ~60/200 6000 100 Single element Nanoimprint [87]
N.R. N.R./N/R. N.R. 50 1x4 Nanoimprint [73]
21.4/=2.3 38/~200 4x10° 60 Single element Nanoimprint [123]
88/~10 38/~200 1.5% 10° N.R. Single element Nanoimprint [125]
29/N.R. N.R. 3% 10° 60 Single element Nanoimprint [177]
352/ 125/200 4820 60 Single element  EBL 64]
N.R. 11.3/154 N.R. 100 Single element Nanoimprint [172]
6.8/~0.5 90/~200 10 400 60 Single element EBL [92]
105/5.6 ~235/200 13x10° 60 Single element Nanoimprint [77]
0.49/~0.04 83/200 1.46 x 10° N.R. Single element Nanoimprint [14]
Si/SiN MRR 0.4/213 0.76/19 ~ 1.5 % 10° 120 Single element  UP +BDE (78]
1.2/N.R. 0.77/14.5 12 706 100 Single element EBL + BDE [127]
N.R. 15/40 ~ 10 N.R. Single element up [177]
N.R./<1 1/N.R. N.R. 100 Single element  EBL + BDE [160]
996/498 >15/200 ~ 10 10 4x8 up [180]
5.5./1.3 >15/~200 18 400 15 1x10 EBL + WTWB+ MWE + MuD [871]
N.R./0.084 N.R. 3.6 x 10° ~300 Single element UP + HF etch [80]
N.R./0.046 2.56/~23 ~107 57 Single element  UP + MWE 2]
Polymer 65/14.5 82.5/200 7.4 x 10 20 Single element EBL [90]
coating MRR N.R./~7 75/153 6.1x 10* 60 Single element  EBL 189]
ChG MRR 7.1/2.2 ~88/~200 7% 10° 40 1% 15 EBL [97]
FP N.R. 40/142.5 N.R. 126 x 111 2D high-density ~ Nanoimprint + LIL [72]
178/30 >10/~200 N.R. 20 2D high-density  MuD + EBE + (75]
Photolithography
BG Polymer BG 5.5k/~700 >30/N.R. N.R. 1.5x 500 1x 15 EBL [102]
2.93k/N.R. N.R. 18 059 2% 100 Single element DLW [126]
Si BG N.R ~20/~200 ~ 1% 10° 0.5 x 500 Single element side corrugation [164]
45/9 ~115/~200 22232 0.22x0.5 1x4 UP + a shallow etch + a deep [62]
etch + Precision Polish
Polymer N.R./ >100/~200 2.2x 10* 05x30(TE)  Single element ~ UP 83]
coating BG 9.8(TE);2.2(TM) 0.5 x 200(TM)
N.R./4500 >100/~200 N.R. 0.5 x 265 5x7 up [127]
MZI Polymer MZI 100/~22 N.R. N.R. N.R. Single element Nanoimprint [74]
Si MZI 0.38/0.38 0.47/21.2 ~4 x10° 121 x 121 Single element UpP [120]
Polymer N.R. N.R. / N.R. Single element N.R. [82]
coating MZ|

EBL: electron beam lithography; BDE: Back deep etch; WTWB: wafer-to-wafer bond; MWE: multiple wet etching; MuD: multiple deposition; UP: ultraviolet-photolithography;
LIL: laser interference lithography; EBE: e-beam evaporation; DLW: Direct laser writing; N.R.: Not Reported.

curved surface sensor arrays highlights the significance of achiev-
ing flexibility in USIP devices.

We also reviewed four types of USIPs, including MRR, FP, BG,
and MZI structures. They can be classified into resonant devices
and non-resonant devices. Equations (30) and (31) show the ba-
sic optimization directions for a highly sensitive USIP device. As
shown in Table 3, MRR-based and BG-based devices show low
NEP, broad bandwidth, small aperture, and capability to be inte-
grated into a fine-pitch matrix. However, there are still some chal-

Laser Photonics Rev. 2024, 2400414
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lenges to overcome in both structures. First, the resonant wave-
length of the MRR is sensitive to fabrication errors, making ma-
trix scaling difficult. A broad FSR is also required, often result-
ing in a smaller cavity size. Unfortunately, a smaller size leads
to a lower Q factor and decreased sensitivity. On the other hand,
BGs offer better control over the resonant wavelength and FSR
in the current fabrication process. However, the Q factor is lower
compared to MRR devices, with no reported Q factor over 10° for
fabricated BG USIP devices. Therefore, for MRR USIP devices,

© 2024 Wiley-VCH GmbH
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the main challenge is controlling the resonant wavelength, while
for BG-based USIP devices, the main challenge lies in achieving
a high Q factor.

After analyzing Equation (21) and thoroughly reviewing exist-
ing literature on integrated photonics, we believe slot MRRs!!82]
and MRRs with sub-wavelength structures may be an alterna-
tive to achieve highly sensitive and broad bandwidth ultrasound
detection. In reference,!'®! the photonic crystal MRR combines
an ultra-high Q factor with a large light field distribution in the
cladding. When a low Young’s modulus material is coated on the
MRR, it can potentially become a US detection with high sensi-
tivity. Additionally, the bandgap of the photonic crystals offers a
wide free spectral range (FSR) for cascaded sensing units. Fur-
thermore, the position of the defect mode on the transmission
spectrum can be more easily controlled compared to an ordinary
MRR’s resonant wavelength. Besides, strategies to increase the
Q factor with high process tolerance are also essential, such as
using the gradient width with the MRR to suppress the loss.[1¥]

We confront a significant challenge in the parallel integration
of sensor matrices, with two prevailing readout methods for their
detection—CW-laser tuning and frequency comb methods. Sev-
eral sensor matrix demonstrations utilizing these readout ap-
proaches have been presented. Consequently, the advancement
of USIP technology is on the brink of achieving large-scale inte-
gration, wherein all elements operate simultaneously, akin to the
functionality exhibited by commercial piezoelectric ultrasound
matrices.

In conclusion, there is a growing demand for improving the
performance of ultrasound/photoacoustic sensors. Our com-
parative analysis of these sensors has revealed the significant
superiority of USIP over other approaches in terms of resolution,
bandwidth, sensitivity, miniaturization, and scalability. We have
showcased examples of USIP successfully applied to ultrasound
detection and PAI systems. While some aspects of USIP still
require further research, we are confident that this emerging
technology will contribute to the next-generation photoacous-
tic/ultrasound sensing, offering substantial benefits to human
health.
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