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Introduction

To date, ultrasonic devices are widely used in various
engineering approaches, for example, in technical diag-
nostics [1—4], mixing solutions [5], cleaning and disin-
fection [6], and in biomedical research [7, 8]. Most often,
traditional piezoelectric electroacoustic transducers are
used as emitters and receivers of ultrasound. Such devices
are reliable and have a long history of successful use, but
they have some drawbacks. They are characterized by a
high supply voltage, massiveness, high sensitivity to elec-
tromagnetic interference, and a relatively narrow fre-
quency band [3]. A promising direction for technical ap-
plications is the development of optoacoustic methods for
receiving and generating ultrasound.

Optoacoustic transducers based on thermoelastic ef-
fect are a very attractive alternative for generating ultra-
sound because they rely on the expansion effect of an op-
tical absorbing layer heated by laser pulses on continuous
wave radiation. Due to thermoelastic effect, the active
medium is heated and cooled, which leads to a cyclical
alternation of expansion and contraction, which generates
acoustic waves in the environment. The principle of oper-
ation of the optoacoustic transducer is shown in Fig. 1 on
the example of an optoacoustic generator based on a
structure with a Tamm plasmon. Note that structure
shown is presented for the case of forced acoustic oscilla-
tion at a frequency determined by the excitation optical
signal modulation.

Interferometric optoacoustic receivers have an operat-
ing frequency bandwidth at the level of the best samples
of similar piezoelectric devices, and surpass them in
compactness and sensitivity. An optoacoustic ultrasonic
generator can even be placed at the end of the optical fi-
ber. At the same time, methods for receiving acoustic
signals by fiber-optic optoacoustic devices are considered
to be sufficiently developed [9], but the problem of gen-

erating broadband ultrasound using compact devices has
not been fully resolved [7].
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Fig. 1. Schematic diagram of the operation of an optoacoustic
generator based on a structure with a Tamm plasmon [81]
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The optoacoustic effect was discovered by A. Bell in
1881 and then described in the works of W. Rontgen and
D. Tyndall. But at the end of the 19th century, ways of
applying this discovery were not found. Studies of this
physical phenomenon were not carried out for many
years, resuming only with the advent of lasers. In 1962,
independently of each other, A. M. Prokhorov's group in
the USSR and White's group in the USA discovered the
effective excitation of ultrasound in a condensed medi-
um under the action of laser pulses. Now the potential
application of the effect was obvious. First of all — hy-
droacoustics. In 1964, a patent was registered for an
acoustic generator by Brever and Rickhoff with the idea
of using the focus region of a powerful laser beam as a
pulsed laser source of intense sound vibrations with a
high coefficient of conversion of optical energy into
sound energy. The pressure signal level reached by the
authors above 0.1 MPa allowed them to propose this
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source both for technological applications and for study-
ing the ocean floor. To date, the results of both observa-
tions of the effect and the results of various applications
have constituted an extensive bibliography.

Systematic studies of fundamental issues of opto-
acoustics in USSR were started in a coordinated manner in
1973 by teams led by professors L.M. Lyamshev [10] and
K.A. Naugolnykh [11] (Academician N.N. Andreev Acous-
tic Institute), professor F.V.Bunkin (Physical Institute
named after P.N. Lebedev), professors S.A. Akhmanov and
O.V.Rudenko (Moscow State University named after
M.V. Lomonosov) [12].

The most significant results abroad in the field of
optoacoustics were obtained at the IBM Research Labora-
tory [13], Brown University [14], the Max Planck Insti-
tute [15], the University of Tokyo [16], the ETH Zurich
[17] and other centers.

An urgent task, both in practical and theoretical terms,
is the development of miniature optoacoustic emitters
based on nanostructures. Studies show that such devices
will significantly expand the operating frequency band,
reduce size and weight, and implement galvanic isolation.
Thus, not only will a number of limitations of traditional
sources be eliminated, but the applicability scope of the
device in more difficult operating conditions will be ex-
panded: powerful radiation, high temperature.

Typically, the absorptive nanostructure is illuminated
by ultrashort laser pulses (for example, femtosecond or
picosecond), which excite the nanoparticle eigen acoustic
oscillations (the principle is similar to a tuning fork). In
this case, parameters of pulse practically do not influence
the output frequency, because it is determined by the
structure dimensions and sound velocity. In accordance
with a newer principle, nanoparticles (NPs) or other ab-
sorbing structures are illuminated by intensity modulated
laser radiation (modulation frequencies up to
~100 MHz). As a result, a change of the structure size
causes the forced acoustic oscillations. Moreover, it is
possible to generate a continuous acoustic sinusoid with the
arbitrary frequency in the range up to ~100 MHz. Forced
acoustic oscillations in the optoacouscic structure principle is
similar to a speaker (loudspeaker) one: both continuous laser
signals with sinusoidal modulation (to generate sinusoidal
acoustic signals) and broadband pulsed signals (to generate
broadband acoustic pulses) can be used.

In the case of the forced oscillations, a spatial resolu-
tion of ~ 10 pum is achieved and, due to low attenuation, it
is possible to study structures with the size of ~1 m. In
contrary, optoacoustic transducers based on eigen oscilla-
tions provide the spatial resolution less than 1 um. How-
ever, due to large attenuation at GHz frequencies it is
possible to study only rather small objects.

Tab. 1 describes the principles of acoustic oscillation
excitation.

Optical intensity modulated radiation is absorbed with
the characteristic time, which is much shorter than the
modulation period. Due to either effect of surface plas-

mon resonance, or absorption in Tamm structures and etc.
In this case, systems simply “repeate” external intensity
fluctuations. The principle of operation of an optoacous-
tic transducer is that the modulated laser radiation is ab-
sorbed in the active medium of the generator, which
causes a modulated change in its size and leads to the
generation of acoustic oscillations. Despite the fact that
research in the field of optoacoustics has been carried out
at a high world level for several decades, this field of re-
search has not yet exhausted itself. The main difficulties
in creating optoacoustic converters are due to the lack of
unified approaches to describing the physical mecha-
nisms for converting an intensity-modulated optical sig-
nal into acoustic oscillations [8, 9, 18]. In the literature,
relationships between the parameters of nanostructures
and the characteristics of optoacoustic converters based
on them are rarely given. The formation of experimental
samples in the process of searching for the optimal
nanostructure for such converters is resource-intensive. In
light of the above, it is necessary to make computer simula-
tion at the stage of planning an experimental study as in-
formative and accurate as possible [19, 20]. In this regard,
the establishment of relationships and patterns associated
with the mechanism of optoacoustic generation will allow in
the future to create more energy efficient devices.

Tab. 1. Principles of acoustic oscillation excitation

Frequency GHz MHz
range
Nanoparticle acous- | Nanoparticle forced
tic oscillations at | acoustic oscillation at
Operation | their eigen acoustic | a frequency deter-
principle frequency ( ~ sound | mined by the excita-
velocity / nanoparti- | tion optical signal
cle size) modulation
Intensity modulated
Ultrashort  optical optical ‘sign.al, pulse
Energy | fernto- modulation is not ob-
source pulses (e.g. fe ligatory  condition,
second) . .
continuous wave is
also possible
Particle Non—equilibrium . Quasi-equilibrium ‘
heating thermal state inside | thermal state inside
the nanoparticle the nanoparticle
Resolution
and distri- | Low range, Long range,
bution high resolution low resolution
length
Arbitrary
waveform
. no yes
generation
ability
Speaker  (transfor-
Tuning fork (“pure” | mation of electrical
Example sound at its eigen | vibrations into the
frequency) displacement of the
membrane).

1. Application of optoacoustic devices

The rapid development of research in the field of
nanostructured materials for fundamental and applied sci-
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ence, in particular, for technical diagnostic systems, is
explained by the fact that as the characteristic dimensions
of the constituent parts decrease to the nanolevel, the
structures acquire new properties due to quantum size ef-
fects and the increasing role of surface atoms and their in-
teractions [21, 22]. In the world scientific literature, when
studying the properties of various nanostructures, great
attention is paid to quantum size effects. Nevertheless,
the vast majority of practically implemented technical di-
agnostic systems based on nanostructures use surface ef-
fects due to a strong increase in the role of surface atoms,
for example, atoms of nanoparticles [23, 24]. Such appli-
cations include, for example, devices for determining the
change in the refractive index of liquids [25, 26], solids
[27, 28], gases [29], the study of technological media [30,
31]; devices for high-temperature ultrasonic diagnostics
of metal plates [32—34]. Therefore, the effects of the in-
teraction of nanostructures with electromagnetic radiation
are studied, taking into account the influence of the sur-
face of the structure, as well as the thermal and mechani-
cal processes associated with them.

Both in engineering flaw detection and in medical di-
agnostics, the choice of a physical diagnostic tool is of
particular importance, which will allow you to identify
the exact coordinates of a particular defect, violation of
the structure or composition of a substance, including
critical ones. Reliable diagnostics can help in time to
eliminate the malfunction or even prevent an accident.
Technical diagnostics, for example, includes non-
destructive ultrasonic testing as a widely used reliable
class of systems for flaw detection of technical objects,
which has important advantages [4, 9, 19]:

1. high sensitivity to the most dangerous defects such as
cracks;

2. the ability to control without stopping and disrupting
the process;

3. the ability to conduct control without damaging the
object under study;

4. the ability to control products from a variety of materials;

5. low cost;
6. safety for humans (unlike, for example, X-ray defec-
toscopy).

Modern medical diagnostics and flaw detection can-
not be imagined without the use of ultrasound technolo-
gies. In medicine, ultrasound is an accessible, safe, non-
invasive, highly informative method of soft tissue imag-
ing [35—37]. Also, ultrasonic flaw detection is used on an
industrial scale to control manufactured and already used
structures, although the method has its limitations and
disadvantages. The main problems of flaw detection are:
the limited ability to control products made of high-grain
metals and alloys of different steels [38 —40], the need for
close contact of the emitter with the surface of the device,
and the difficulty of testing small parts [40—42]. If the
first problem is fundamental for this technique, then the
remaining two can be partially solved by miniaturizing
the ultrasound source [43].

In modern medicine, ultrasound diagnostics is widely
used: prenatal diagnostics, examination of soft tissues
with the possibility of three-dimensional image recon-
struction, examinations with the introduction of contrast
agents, blood flow control, examinations of the heart and
blood vessels. Currently, the development of devices that
allow continuous monitoring of blood flow in patients in
intensive care units (continuous wave doppler) is of great
interest [44, 45]. In addition to the already listed ad-
vantages of ultrasound diagnostics (accessibility, accura-
cy, speed, safety for the patient and operator), it should be
noted that an important advantage of the method is the
ability to directly study moving structures (heart tissue,
blood flow in the vessels). The frequency range used in
ultrasound diagnostics is 2—30 MHz. The higher the fre-
quency, the better the resolution of the resulting image,
but the less the penetration of radiation into the tissue.
Therefore, miniaturization of the ultrasound source is top-
ical for studying small structures [46]. The practical as-
pects of the use of ultrasound in high-tech medical proce-
dures are expanding every year. Today, ultrasonic genera-
tors are used not only for diagnostic and cosmetic pur-
poses, but also in such high-tech and urgent interventions
as gene therapy [47], transfer of drugs through the me-
ningoencephalitic barrier [48], virtual biopsy of neo-
plasms [49]. New applications pose new challenges to in-
strument performance: spectrum width, power, robustness
must be matched to the task at hand.

At the moment, optoacoustic communication systems
are being developed quite actively [50], allowing, for ex-
ample, communication between an aircraft and an under-
water submarine [51] or transmitting sound over short
distances "right in the ear" of an object without a receiv-
ing device [52].

Sound transmission methods without a transducer are
based on the fact that water vapor is always present in the
atmospheric air, and can absorb laser radiation. The mod-
ulation of the absorbed radiation makes it possible to ob-
tain modulated mechanical oscillations of the gas in the
desired region. Another important way of applying opto-
acoustic methods is optoacoustic spectroscopy. This tech-
nique has many important applications: non-destructive
study of a chemical objects [53], including a biological one
[54], control of the content of ozone in the atmosphere or
carbon dioxide [55], detection of toxic substances and their
traces [56]. The same approach can be used in high-tech
medicine to detect target proteins [57].

A separate and relevant application of ultrasound in the
life of modern society is disinfection, more relevant than ev-
er in light of the danger of the emergence of antibiotic-
resistant bacteria and the large number of circulating viruses.
Ultrasonic disinfection is used in medicine [58], sanitation
[59], and veterinary [60]. A big plus is that microorganisms
do not acquire resistance to this type of cleaning. It has also
been shown that the combination of classical disinfection
techniques with ultrasonic disinfection improves the quality
of cleaning objects with small cavities and tubes [61].
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Thus, the field of application of ultrasonic technolo-
gies in our life is constantly expanding.

2. Optoacoustic ultrasonic receivers

The undeniable advantages of optical fiber, such as small
size, dielectric design, flexibility, low losses for an intensity-
modulated optical signal, and the use of bidirectional propa-
gation, allow the use of fiber optic devices in the detection of
ultrasonic vibrations [9]. Fig. 2 shows a diagram of a fiber-
optic ultrasonic receiver, in which a fiber-optic probe with a
Fabry-Perot interferometer at the end of the optical fiber is
used as an ultrasound detector [61].

Optical fiber shell
Optical fiber core

) o

Optical fiber shell

pressure waves

Surrounding
(e.g. water)

Interferometer
Fig. 2. Fiber-optic ultrasonic receiver, in which a fiber-optic
probe with a Fabry-Perot interferometer at the end of the
optical fiber is used as an ultrasound detector [62]

Ultrasonic vibrations act on an interferometer consisting
of two mirrors (with reflectances of 30 % and 95 %) separat-
ed by a polymer layer 23 um thick. The pressure wave mod-
ulates the thickness of the interferometer, which, in turn,
leads to a change in natural frequencies, the position of
which is determined by relatively small tuning of the laser
generation frequency. A fiber-optic ultrasound receiver
based on a Fabry-Perot resonator makes it possible to detect
sound pressures of less than 0.1 kPa at an operating frequen-

cy band of 20 MHz, when the equivalent spectral density of
the noise sound pressure is more than 0.022 [62].

To increase the sensitivity of such ultrasound receiv-
ers, it was proposed to use high-quality optical ring mi-
crocavities [63], which make it possible to detect signals
in air at an equivalent spectral density of noise sound
pressure of 0.215, 0.041 at 50 kHz and 800 kHz, respec-
tively, which is comparable to the best examples of
commercial piezoelectric transducers [62].

It is important to note that there are still a number of
sufficiently detailed principles for receiving ultrasound
using optical fiber devices [63, 64]. Some samples of fi-
ber-optic receivers have been brought to prototypes, for
example, a receiver based on the detection of mechanical
deformations of an external fiber laser cavity [64, 65].
The constructed images of a test two-dimensional targets
and a three-dimensional structure of two hairs were ex-
perimentally obtained using fiber-optic optoacoustic re-
ceivers, and demonstrates the possibility of resolving de-
tails with a size of less than 3 um [66].

In a laser with an external cavity, a change in the
phase shift due to the surface vibration caused by the pas-
sage of ultrasonic waves leads to a change in the laser
generation frequency with time, and a time resolution of
less than 100 ps is achieved [63]. Such fiber optic receiv-
ers can be used for diagnostics in aggressive environ-
ments and at high temperatures due to the high chemical
and thermal stability of the optical fiber [66]. Tab. 2 con-
tains information about the characteristics, such as band
width, size and equivalent pressure of ultrasonic receivers
built on various physical principles.

Tab. 2. Characteristics of ultrasonic receivers built on various physical principles

Piezoelectric diameter > 0.5 mm coinside with circle, ring 50 10 kPa [67],[68]
receiver diameter 0.4 mm, sensor size circle 80 - [69]
thickness 2 um
diameter 0.5 mm circle, cylinder, >25 55 kPa [70]
ring
Volume op- - - dot, circle S5u20 35 Pau 275 Pa [71]
tics - diameter 90 um cylinder 17.5 100 Pa* [72]
- diameter 90 pm cylinder - 130 Pa* [73]
- - dot, circle 25 20 kPa [74]
Fiber optics diameter 125 um diameter 8 pm cylinder 50 92 kPa* [75]
diameter 125 pm diameter 8 um cylinder 50 4.18 kPa* [76]
diameter 125 um diameter cylinder 20 0.45 kPa [77]
8 umx100 um
diameter 125 pm diameter 8 um cylinder 50 9.2 kPa* [75]
diameter 125 um thickness 10— dot 20 <1kPa [77]
40 ym
Microresona- | 500 um, thickness 0.5 mm 2x1.5 um? cylinder 20 100 Pa [78]
tors integrat- [ 500 pm, thickness 0.5 mm | 1.5x1.5 pm? cylinder 60 6.5 kPa [79]
ed with opti- diameter 60 um, 0.8x0.8 um? ring 140 6.8 Pa [80]
cal fiber thickness 250 pm

It can be seen that ultrasound receivers built on the
basis of fiber optic and microresonators at the end of an
optical fiber have characteristics in terms of the operating

frequency band at the level of the best examples of re-
ceiving piezoelectric transducers, and in terms of com-
pactness and low value of the equivalent noise pressure, it
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is significantly surpass them. The problem of receiving
ultrasound, even with the help of compact fiber-optic de-
vices, is not acute [67], on the contrary, the greatest diffi-
culties arise when it is necessary to emit ultrasound with
frequencies above several megahertz from small sources
with sizes less than 300 um.

One can see that optoacoustic ultrasonic receivers al-
lows all-optical detection of acoustic waves for very dif-
ferent situations under study. They allow to receive
acoustic signals with frequencies up to 140 MHz with the
effective sensor size less than 100 pum. The analysis of the
set of papers shows that this topic is rather developed. It
is not in the area of scientific, but technical problems.

3. Optoacoustic transducers

During the existence of this technique for generating
ultrasonic waves, a large number of different materials,
including hybrid ones, have been tried as an active medi-
um for optoacoustic emitters. The first active media of
the emitter were ordinary metal layers, which was a logi-
cal and intuitive solution, since the metal absorbs radia-
tion well. But the high ability of the material to absorb
optical radiation is only the first step towards highly effi-
cient energy conversion. Metals do not have a high coef-
ficient of linear thermal expansion, therefore their expan-
sion under heating, the severity of which determines the
amplitude of the generated mechanical vibrations and,
accordingly, their energy is significantly less than it could
be when other materials are heated.

In general case, the efficiency of thermoelastic con-
version of light energy into sound when using eigen os-
cillations is determined by the Griineisen parameter of the
light-absorbing medium, as well as the ratio of the acous-
tic impedances of the absorbing medium and the medium
in which it is required to create a sound field [81, 82]. On
the other words, from the point of view of the environ-
ment, it is necessary, firstly, the ability to absorb, and
secondly, suitable thermoelastic and mechanical parame-
ters. The adequacy of the use of one or another active
medium can be assessed using the Griineisen parameter.
The Griineisen parameter can serve as a criterion for the
adequacy of using a material as an active medium of an
optoacoustic transducer [82]. It is a dimensionless param-
eter that describes the effect of a change in the volume of
a crystal lattice on its vibrational properties and, as a con-
sequence, the effect of a change in temperature on the
size or dynamics of the lattice. Additionally, thermoopti-
cal sound excitation efficiency is therefore proportional to
the light radiation power [82]. In terms of radiation, the
higher its power, the higher the efficiency, so lasers are
used as a source and optoacoustics had practically no en-
gineering applications before their invention.

Strictly speaking, the efficiency of optoacoustic con-
version (we are talking about the thermooptical mecha-
nism of generating ultrasound) is determined by the pa-
rameters of the exciting optical radiation and the active
medium. Note that for a special case of multilayer

nanostructures, the authors demonstrate additional way of
estimation based on finite difference method [83]. For
example, in the even case, the following formula can be
used to express the degree of increase in the thickness of
the absorbing layer of a multilayer nanostructure upon
absorption of laser pulses [83]

B~£G/(cp), (1

where B is the increase in active layer thickness, ¢ and p
are the specific heat capacity and density of the active
media material and ¢ is it’s thermal expansion coefficient.
In the light of the foregoing, it would be logical to add a
material with a high coefficient of thermal expansion to
the heating metal. An excellent material in this regard is
polydimethylsiloxane and some other organic com-
pounds. However, a high coefficient of linear thermal ex-
pansion of the active medium material does not in itself
guarantee a high energy efficiency of the device. To ob-
tain a significant amplitude of mechanical oscillations of
the sample surface, it is necessary that the temperature
has time to relax between the absorptions of two pulses.

When modeling thermal expansion, Tamm structure is
not considered as free. The thermal and elastic properties
the spatially fixed substrate as well as the environment
surrounding are taken into account. Moreover, when
modeling and solving structural analysis problems, ap-
propriate boundary conditions are applied.

Unfortunately, polydimethylsiloxane and other poly-
mers with high thermal expansion coefficients are a good
heat insulator, which limits the maximum operating fre-
quency of a potential device. Fig. 3 show the time and
spatial distribution of temperature in the structure of an
optoacoustic transducer. Since the power of sound emit-
ted by an oscillating surface is proportional to the square
of the oscillation amplitude, it would be advisable to en-
sure maximum cooling of the structure after the end of
the heating pulse, ideally to the initial level, which can be
achieved either by increasing the thermal conductivity of
the metal layer or by reducing the repetition frequency.

0 20 40 60 80

Fig. 3. Temporal and spatial distribution of the temperature
increase A(x, t) under periodic heating of the structure (a) with
sinusoidal modulation of the laser power I(t) with frequency
100 MHz, and average flux density I(t) =10° W/em?; (b) with a
sequence of sinusoidal pulses with duration of 10 ns and
repletion rate 50 MHz, and average flux density
I(t) =5*10° W/em? Green line show the temporal dependence of
laser flux density I(t)

For the reasons listed, it becomes clear that in addi-
tion to high absorption in the structure at the laser wave-
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length and a high coefficient of linear thermal expansion
of the active medium, it is also necessary to ensure ade-
quate heat removal from the structure for adequate cool-
ing between pulses. The figure shows the time depend-
ence of the surface coordinate of a structure sample with
a Tamm plasmon upon irradiation with pulses of different
frequencies. It can be seen that as the frequency increas-
es, the system ceases to adequately relax and energy effi-
ciency is significantly reduced due to this. Very important
to note that this condition is necessary in realize forced
acoustic oscillations.

Most organic compounds with high thermal expan-
sion are actual heat insulators, that is, once heated and
expanded, they will not have time to cool down to gener-
ate stable mechanical disturbances. Over the past decade,
many ways have been proposed to combine all the above re-
quirements for the active medium on the base thermoelastic
mechanism of an ultrasound generator, and modern devices
are several orders of magnitude more energy efficient than
the first samples, which are thin metal plates.

All active media for thermoelectric acoustic wave ex-
citation can be divided into two large groups: classical
bulk absorbers and nanostructured samples. It has been
experimentally shown that, in order to increase the effi-
ciency of an optoacoustic source of ultrasound, instead of
uniform absorbing films at the end of an optical fiber, it is
possible to use composite layers, for example, based on
graphite [83]. Such layers have higher optical absorption,
lower reflectivity and high thermal stability. As a thin ab-
sorbing layer, it is possible to use a monolayer of metal NPs
with an intense SPR maximum in the optical absorption
spectrum, structures with a Tamm plasmon. In the general
case, the SPR frequency is determined by many factors: the
material, the size and shape of the nanoparticles, the mutual
arrangement of the nanoparticles, as well as the material pa-
rameters of the substrate and the environment.

@ o)

AL (nm)
AL (nm)

% s 100 150 % 50 100 150

t(ns) t(ns)

Fig. 4. Oscillation of the surface of the structure with Tamm
plasmon during heating by laser (a) with sinusoidal modulation
of the laser power (t) with frequency 100 MHz, and average flux

density I(t) =10° W/em?;, (b) with a sequence of sinusoidal
pulses with duration of 10 ns and repletion rate 50 MHz, and
average flux density 1(t) =5*10° W/cm?.Green line show the
temporal dependence of laser flux density 1(t)

The use of nanostructures in the form of a monolayer
of nanoparticles as an absorbing medium at the edge of
an optical fiber allows:

1) to realize a high absorption coefficient of the incident la-
ser radiation, which is achieved due to the SPR effect;

2) to provide a wide band of operating frequencies by
minimizing the thickness;

3) to ensure high photoresistance, since optical radiation
does not cause degradation of the absorbing layer of
noble metal NPs, semiconductor and metal layers in
the case of a structure with a Tamm plasmon.

The maximum frequency of the generated ultrasonic
signal significantly depends on the thickness of the ab-
sorbing layer. Despite the fact that for the two most
common applications of ultrasonic waves, medical diag-
nostics and industrial flaw detection, the required range is
usually 2—30 MHz, but more modern and developing
technologies (ultrasonic spectroscopy, materials science
applications, high-tech medicine) require ever higher res-
olutions and frequencies every year. Therefore, to expand
the field of application of optoacoustics, it is necessary to
ensure the absorption of incident laser radiation in the
thinnest possible layer of an optoacoustic transducer,
which is facilitated by the use of thin-film and nanostruc-
tured systems.

A large number of publications are devoted to the ex-
perimental creation of optoacoustic converters based on
forced acoustic oscillations, but there is no full-scale op-
timization of the structure parameters at the stage of ex-
periment preparation. References to publications are giv-
en with a brief description in Tab. 3. Note that in this pa-
per, acoustic wave excitation is studied in the case of
liquids and gases. The analysis is also complicated by the
fact that there is no single standard for assessing the en-
ergy efficiency of a device, since the efficiency of con-
verting optical energy into mechanical energy depends on
frequency.

At the moment, the world scientific community has
already accumulated enough knowledge about the physi-
cal processes underlying optoacoustic conversion. The
main problem currently standing between us and really
high-performance devices with wide operating frequency
bands is that the energy conversion process has many pa-
rameters, which significantly complicates its optimiza-
tion. For example, the combination of a metal and a pol-
ymer in the hybrid material of the active medium of an
optoacoustic transducer to combine their "useful" proper-
ties (the ability to absorb laser radiation and high thermal
diffusivity for a metal and a high coefficient of linear ther-
mal expansion for a polymer) always leads to the appearance
in the final material of "harmful" properties of the compo-
nents. Just as already mentioned, the influence of various
factors depends on the operating frequency: if at low fre-
quencies the heat-insulating properties of polymers interfere
slightly, then as the frequency increases, their influence be-
comes fatal and the energy conversion efficiency becomes
even lower than for a simple metal layer.

Indeed, the frequency range is determined by a whole
set of parameters. However, in the case under study we
are talking about the excitation of forced acoustic oscilla-
tions, when the thermal relaxation of the absorber turns
out to be a much faster process compared to the modula-
tion of external optical signal. Typically, the absorptive
nanostructure is illuminated by ultrashort laser pulses
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(for example, femtosecond or picosecond), which excite
the nanoparticle eigen acoustic oscillations (the princi-
ple is similar to a tuning fork). In this case, parameters
of pulse practically do not influence the output frequen-
cy, because it is determined by the structure dimensions
and sound velocity. In accordance with the newer prin-
ciple, nanoparticles (NPs) or other absorbing structures
are illuminated by intensity modulated laser radiation
(modulation frequencies up to ~100 MHz). Optical in-
tensity modulated radiation is absorbed with the charac-
teristic time, which is much shorter than the modulation
period. Due to either effect of surface plasmon reso-
nance, or absorption in Tamm structures and etc. As it
mentined previously, forced acoustic oscillations in the
optoacouscic structure principle is similar to a speaker
(loudspeaker) one: both continuous laser signals with
sinusoidal modulation (to generate sinusoidal acoustic
signals) and broadband pulsed signals (to generate
broadband acoustic pulses) can be used. In the case of the
forced oscillations, in this case, systems simply “repeate”
external intensity fluctuations. On the other words, the
active structure is under full control of the external signal.
As a result, such structures are rather slow in comparison
even with the level of 1990s [81, 82].

Tab. 3 shows comparative characteristics of ultrasonic
optoacoustic emitters based on forced acoustic oscilla-
tions with different active media (fiber-optic design is
highlighted by blue color). Despite the fact that metal
films as an active medium are the most primitive solu-
tion, they still find application in some specific tasks. La-
ser printing with gel microdroplets containing certain liv-
ing organisms is an emerging technology, progress in
which is important for microbiology, biotechnology and
medicine. The absorption of a short laser pulse in a thin
metal film of the donor plate facilitates the transfer of gel
microportions. During this process, pressure surges occur
that can lead to damage and loss of biological material, so
it is important to control them. A study was carried out:
laser pulses with a wavelength of 1064 nm, an energy of
7—120 pJ, a duration of 4—30 ns, and a laser beam diam-
eter of 30 um were applied to Ti and Cr films of glass
donor slides [85]. Experimental estimates of the emerging
jumps were made on the basis of acoustic pressure meas-
urements in the far zone in the range of 1—100 MHz us-
ing a hydrophone based on a lithium niobate crystal. Ac-
cording to the obtained data, in the working laser energy
range E=15-30 pJ, pressure jumps from 20 bar to 5
kbar appear on the donor wafer in a gel layer 200 um
thick when using an absorbing Ti film and from 20 bar to
10 kbar for a Cr film. The high efficiency of optical-
acoustic conversion for Cr films is explained by the better
adhesion of this metal to the glass surface.

As the active medium of the ultrasonic emitter, com-
posite materials made of carbon nanotubes and polyme-
thylsiloxane, which generate shock waves using optoa-
coustic technology, can be used. A thin layer of heat-
conducting carbon nanotubes and polydimethylsiloxane

elastomeric polymer is applied to the concave surface of a
transparent polymethyl methacrylate to convert laser en-
ergy into acoustic energy using the thermoelastic effect of
the composite transducer.

Efficient conversion of laser energy requires optimal
use of various properties of composite transducers, in par-
ticular, the diameter. An experimental study was made of
the influence of the diameter of composite transducers on
the properties of shock waves [106]. It is shown that an
increase in the diameter of the composite transducer and
the input laser energy leads to an increase in the peak
pressure of shock waves. The maximum positive and
negative pressures of the generated shock waves were
53 MPa and — 25 MPa, respectively. Thus, it was shown
that an increase in the size of the transducer can lead to
an increase in peak pressure in situations where it is re-
quired, and an increase in the device is not critical (for
example, transcranial research).

As a rule, the wavelength of the laser used is dictated
by the absorption spectrum of the material of the active
medium of the generator; because of this, blue-green la-
sers are often used. But modern nanophotonics makes it
possible to create structures with high absorption at a giv-
en wavelength. Thus, a new scheme of an optoacoustic
generator based on a structure with a Tamm plasmon was
proposed. The structure of the proposed design provides
complete absorption of the laser pulse at a predetermined
wavelength, which allows the use of compact, powerful
and affordable infrared semiconductor lasers with a wave-
length of about 1 pum for optoacoustic generators. The
characteristics of various materials were analyzed and it
was shown that a structure using magnesium as a metal has
the maximum efficiency. It has been established that the
energy efficiency of converting light into mechanical vi-
brations increases linearly with increasing flux density and
modulation frequency of periodic excitation.

Optoacoustic devices are used to study the brain, in
particular for neuromodulation with high spatial resolu-
tion. For more accurate work with a specific neuron, a ta-
pered fiber optoacoustic emitter (TFOE) was developed
that generates an ultrasonic field with a high spatial accu-
racy of 39.6 um [107]. Carbon nanotubes and polydime-
thylsiloxane or graphite powder are used as an active me-
dium [108]. Precisely directed ultrasonic perturbations gen-
erated by TFOE made it possible to integrate optoacoustic
stimulation with highly stable recording of the response on
individual neurons. Thus, direct measurements of the electri-
cal response of single neurons to acoustic stimulation were
carried out. This technique is a non-genetic technology of
unicellular and subcellular modulation.

New studies have appeared that describe lead halides
perovskites as a promising material for the active medium
of an ultrasonic emitter due to their thermal properties
and high absorption coefficient. The phonon spectrum
was theoretically calculated and it turned out that the
overlap of optical phonons and acoustic phonons leads to
an up-conversion of acoustic phonons and a low thermal
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diffusion coefficient. The experimentally fabricated
PDMS/MAPD I;/PDMS device simultaneously provides a
wide bandwidth (-6 dB bandwidth: 40.8 MHz; center

frequency: 29.2 MHz) and high conversion efficiency
(2.97x1072) [109]. Such parameters of the device allow us
to count on its competitiveness.

Tab. 3. Comparative characteristics of ultrasonic optoacoustic emitters based
on forced acoustic oscillations with different active media (fiber-optic design is highlighted by blue color)

Steel layer Volumetric structure with diameter | 1 ~10 <1 [86]
of 28 mm

Cr layer Volumetric structure with diameter | 0.02—0.03 ~0.5 <1 [87]
of 6.35 mm

Black acrylic pigment Volumetric structure ~0.02 - <1 [88]

Carbon nanotubes (Polydi- Volumetric structure with diameter | 57 260-270 <1 [89]

methylsiloxane) of 6 mm

Carbon nanotubes (Polydi- | Volumetric structure with diameter | 30 20 <1 [90]

methylsiloxane) of 15 mm

“Black” carbon nanotubes Planar 0.8 ~10.000 <1 [91]

(Polydimethylsiloxane)

Al layer with graphene ox- | Planar ~9 56 <1 [92]

ide

Au nanoparticles (Polydime- | Planar 0.0027 ~20 <1 [93]

thylsiloxane)

Au nanoparticles (Polydime- | Planar 0.19 13 3.1 [94]

thylsiloxane)

Carbon nanofibers (Polydi- | Planar 12 3.7 8 [95]

methylsiloxane)

Carbon nanoparticles (Poly- | Planar 4.8 3.6 21 [94]

dimethylsiloxane)

Graphite powder Structure deposited at the optical fi- [ 0.15 ~3.5 >10 [95]
ber 600 pm

Carbon nanotubes Structure deposited at the optical fi- | 4.5 36 15 [96]

(Polydimethylsiloxane) ber 200 um

Carbon nanotubes Structure deposited at the optical fi- | 4 96 20 [97]

(Polydimethylsiloxane) ber 200 pm

Layer Al with graphite Structure deposited at the optical fi- | 0.78 20 [8]

(Epoxy resin) ber

Au nanoparticles (none) Structure deposited at the optical fi- | 0.0024 ~4200 <1 [100]
ber

Au nanoparticles (none) Structure deposited at the optical fi- | 0.0016 1770 <1 [101]
ber

Au nanoparticles Structure deposited at the optical fi- | 0.0075 - <1 [102]

(Polydimethylsiloxane) ber with size of 400 pm

Au nanopores (none) Structure deposited at the optical fi- | 0.0027 ~100 7 [103]
ber with size of 62.5 um

Au nanoparticles Structure deposited at the optical fi- | 0.037 126 2.1 [104]

(Polydimethylsiloxane) ber with size of 400 pm

Au nanoparticles Structure deposited at the optical fi- | 0.64 8.75 >20 [105]

(Polydimethylsiloxane) ber with size of 400 pm

Au nanoparticles (Polymers) | Structure deposited at the optical fi- | Not available | Not available | 57 (at— [8]
ber 10 dB)

Since the optoacoustic conversion process is multi-
factorial and is used in various technological tasks with
different performance requirements, it seems logical not
to look for a single universal form of the device, but to
adapt its active medium to specific requirements. Due to
the variety of possible materials and ways of structuring
the sample, the optimization process is quite complex and
multifactorial. But the first steps along this path are al-
ready being taken. For example, studies have been con-

ducted on the optoacoustic conversion efficiency of an
Au/polydimethylsiloxane (PDMS) composite [110]. The
thickness of the Au layer was optimized by simulating a
multiphysics process based on the Drude-Lorenz model
and the finite element method. The results showed that
the optimal Au thickness of the Au/PDMS composite is
35 nm. The results were verified experimentally, in addi-
tion, Au/PDMS composites were deposited on the sur-
face of aluminum alloys, which improved the thermoelas-
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tic laser ultrasonic signals by almost 100 times. A study
was also carried out to supplement and optimize the
structure of an ultrasonic emitter based on structures with
a Tamm plasmon [111]. It was shown that the use of pol-
ydimethylsiloxane as an additional layer of the structure
of an optoacoustic transducer is expedient from the point
of view of increasing the efficiency of energy conversion
at frequencies up to 50 MHz, and the thickness of the op-
timal polymer layer depends on the expected operating
frequency. At frequencies of the order of several MHz,
this design improvement leads to an increase in efficiency
by 4 orders of magnitude. The efficiency of energy con-
version for the structure with polydimethylsiloxane first
increases with frequency, and then begins to decrease due
to the impossibility of normal temperature relaxation.
Note, with increasing frequency, the gain in energy effi-
ciency decreases due to the fact that the structure does not
have time to cool down due to the thermal insulation
properties of polydimethylsiloxane. At frequencies above
50 MHz, with a given pulse energy, the structure is heat-
ed above 150 degrees Celsius, which is unacceptable for
polydimethylsiloxane.

The relationship between the design of the nanocom-
posite and the characteristics of the optoacoustic ultrason-
ic transducer was investigated by modeling at several
scales the behavior of the material, the response of the
device, and the propagation of acoustic waves in the me-
dium [112]. First, the effect of the size and concentration
of nanoparticles on the effective properties of the compo-
sites was quantitatively investigated using the finite ele-
ment analysis method. Secondly, the effective properties
of the nanocomposite were assigned to the layer, which is
modeled as a homogeneous material. Finally, the propa-
gation of ultrasound in water was calculated using a theo-
retical wave propagation model. The prediction by the
theoretical calculation was compared with the experi-
mental data in the literature. Based on a hierarchically in-
tegrated prediction procedure, the optimal conditions for
optoacoustic nanocomposites were investigated through a
parametric study with particle size and concentration as
variables. The results define material designs optimized
for various device characteristics such as high pressure
and high bandwidth.

In conclusion of this section, we would like to note
once again that for high energy efficiency of an optoa-
coustic ultrasonic transducer, it is necessary to find the
optimal combination of many system parameters, in par-
ticular, the optical and thermophysical properties of its
constituent materials. The design of the device and the
choice of material must simultaneously ensure:

1) complete absorption of laser radiation at a given
wavelength;

2) efficient heating of the absorbting layer by laser pulses;

3) efficient heat removal from the absorbting layer to
avoid overheating;

4) the maximum amplitude and the desired time depend-
ence of the oscillations of the sample surface.

Since the process is multyparametric, it would be con-
venient to apply modern methods of computer algorithms,
such as genetic algorithms and machine learning, to opti-
mize the structure and select the materials included in it.
This approach will make it possible to adapt the emitter to
specific tasks and save time at the stage of preliminary mod-
eling. Such ways of optimizing optical structures have al-
ready been successfully applied, for example, to the design
of highly efficient ultrathin layered reflectors [113].

4. Modeling techniques for optoacoustic transducers

The variety of different combinations of materials,
substrates, and environments is so great that it is impossi-
ble to carry out these studies only through experiments.
Moreover, to achieve the highest absorption, it is im-
portant that the laser emission frequency be as close as
possible to the spectral position of the maximum in the
absorption spectrum. Additionally, test structure synthe-
sis during the search of the optimal optoacoustic trans-
ducer design is rather expensive and long. So, it is im-
portant to use complementary experimental data and the
results of modeling the optoacoustic characteristics (posi-
tion, width of the spectral peak, absorbed power, duration
of the heat transfer process, thermal relaxation parame-
ters) of such structures.

The optical properties of single nanoparticles or lay-
ered nanostructures are described in terms of simple
models. However, much more adequate to the experiment
simulation is implemented using the numerical solution
of the full set of Maxwell's equations. The variety of
ways to solve a set of these equations is related to the ul-
timate goal of modeling. As applied to nanostructures,
there are approximate analytical and numerical methods
for solving Maxwell's equations with directly discretiz-
ing, both in differential and integral form. It makes it pos-
sible to model electromagnetic properties with varying
degrees of accuracy [115]. The main and most frequently
used approaches to the calculation of optical characteris-
tics and the theory of optical evaluation of the nanostruc-
ture properties are given below.

The Rayleigh theory solves the problems of propaga-
tion of optical radiation in a continuous isotropic medium
with spherical particles embedded in it, the dimensions of
which are small compared to the wavelength of light (less
than 1/10 of the wavelength of the incident radiation) and
the dielectric constant is different from the dielectric con-
stant of the environment [115, 116]. According to the
theory of Rayleigh scattering, the scattering intensity is
proportional to the sixth power of the NP size and in-
versely proportional to the fourth power of the radiation
wavelength, and unpolarized light scattered at an angle of
90 degrees is completely polarized. Such a theory is ap-
plicable only for the case of homogeneous isotropic
spherical nanoparticles located at a sufficiently large dis-
tance from each other (in the approximation of single
light scattering), and is not suitable for describing com-
plex nanostructures, especially near the interface.
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The Mie theory, based on classical electrodynamics,
describes the optical properties of homogeneous isotropic
spherical NPs with a size comparable to the wavelength
of the incident radiation, placed in isotropic homogene-
ous dielectric matrice. The Mie theory is based on the ex-
pansion of the characteristics of an electromagnetic field
interacting with a spherical NP in terms of vector spheri-
cal harmonics, followed by the calculation of the coeffi-
cients of this expansion. This approach also takes in to
account the effects of refraction, interference and diffrac-
tion of waves [117, 118]. The theory is an exact analyti-
cal solution to the problem of plane wave diffraction on a
sphere. This uses a number of assumptions:

1. the effects of electromagnetic wave delay [119] are not
taken in to account, while the phase of the wave is con-
stant throughout the entire nanostructure [120, 121];

2. only dipole interparticle interactions (multipole oscil-
lations of the Ist order) are taken in to account, ne-
glecting oscillations of higher orders, such as quadru-
poles, octupoles, and so on [122];

3. spherical NPs are homogeneous and isotropic, much
smaller than the wavelength of the incident radiation
(r<<i) [123];

4. for very small NPs, quantum size effects appear
[125], and with an increase in the radius above 40 nm,
a significant long-wavelength shift of the SPR band
occurs, and multipole oscillations must be taken in to
account for calculations.

By choosing the appropriate coordinate systems and
boundary conditions, it is possible to describe NPs with a
more complex shape than a spherical one. However, it
turns out to be impossible to accurately describe
nanostructures near the interface and extended nanostruc-
tures in the form of monolayer nanoparticles. It should be
noted that, for example, for NPs larger than 40 nm the di-
pole quasistatic approximation gives a low accuracy in
describing the optical properties. In this case, to reduce
the error, it is necessary to use the quadrupole quasi-static
approximation, which takes in to account interactions of
higher orders.

The method of discrete dipoles makes it possible to
describe the scattering of electromagnetic radiation by NP
of arbitrary shape. Within the framework of this method,
a nanostructure is represented as a cubic lattice of point
dipoles, the polarizability of each is determined by the lo-
cal refractive index. The scattered field is calculated as a
superposition of fields emitted by point dipoles with
known polarizations. Such a superposition can be calcu-
lated as a result of the interaction in the "dipole-incident
radiation" system [125]. It should be noted that the resid-
ual uncertainty of modeling is up to 30 %, and taking in
to account the substrate leads to poorly controlled, unsta-
ble computational processes [126, 128].

The T-matrix method describes at any point in space
the scattered and internal fields induced in a scattering
homogeneous medium with NPs. The method is based on
the application of surface integral equations using the

Green's function and expansion into infinite series of the
incident, scattered, and internal fields in vector wave ba-
sis spherical functions. The T-matrix method does not de-
scribe the fields themselves in the coordinate representa-
tion, but the expansion coefficients of the incident and
scattered fields in terms of some unified system of basis
vector functions. These functions are determined from in-
finite systems of linear algebraic equations. In this meth-
od, a serious problem is the description of NPs whose

shape differs from spherical [129].

The method of finite differences in the time domain
(FDTD) describes the distribution of the field during the
interaction of an electromagnetic wave with structures of
any shape, by discretizing Maxwell's equations in differ-
ential form and subsequent uniform discretization of a re-
gion of space and time interval with the assignment of in-
itial conditions, as it is shown in Fig. 5. Thus, the change
in the electric and magnetic fields in time depends on the
change in the magnetic and electric fields in space, re-
spectively. This method refers to numerical methods for
solving differential equations based on the replacement of
derivatives by difference schemes. In calculations, the en-
tire space is divided into elementary cells, and the initial
conditions for all components are specified, which are
decisive for field excitation [130—133]. In the ideal case,
near one element, when the spatial grid is divided, the
electromagnetic field should not undergo changes, which
is equivalent to the fact that the wavelength does not ex-
perience a jump. Thus, in order to obtain adequate results,
it is important that the relationship between spatial and
temporal increments be maintained. The finite difference
method includes the following main steps:

1. parameters are set: computational, spatial grid resolu-
tion, boundary conditions [134, 135]. When a plane
wave is incident at an angle, periodic boundary condi-
tions with a time shift are required [136];

2. inside the computational area, the constituent struc-
tures (for example, NP, environment) are created with
the given values of material constants;

3. the radiation source is set (to describe the dipoles, the
source is the time dependence of the current density in
the Ampére equation [132]);

4. it is considered that the source excites in time a;

5. finite electromagnetic wave with wavelengths in a
given range of values — depending on the boundary
conditions, the incident wave can be scattered and ab-
sorbed [135, 136];

6. field values are recalculated in the frequency representa-
tion using the Fourier transform and auxiliary calcula-
tions are carried out, for example, recalculation into the
optical characteristics of the nanostructure [137].

The most important advantages of this method include
the following:

1. the method is adapted to spectroscopic studies, when
it is necessary to calculate a large number of spectral
components (since the method solves Maxwell's equa-
tions in the time domain) [114];
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2. suitable for calculations where it is necessary to take
in to account edge effects and screening effects [134];

3. suitable for describing anisotropic, dispersive and
nonlinear media [138].

LT L
T L
-
-~
Calculation B A%l A
|- Grid _ 5 b, e
domain | S by
€, : electric voltage ", magnetic voltage

magnetic flux d' electric flux

Fig. 5. lllustration of calculation on the elementary cells used
in the family of finite element methods and integrals [139]

Among the most significant disadvantages of this
method, it should be noted that it has serious limitations
in computational efficiency when calculating the proper-
ties of extended nanostructures in the form of NP mono-
layers [139, 140]. So, for example, to calculate the char-
acteristics of the electromagnetic field in the far zone
(when an accurate recalculation from the components of
the electromagnetic field in the near zone is impossible),
the volume of the simulated space increases, which leads
to a rapid increase in the volume of calculations [134,
140]. For nanostructures in the form of NP monolayers,
in the case when it is necessary to increase the area of the
nanostructure, it is necessary to increase the volume of
the entire calculation area, which leads to a quadratic in-
crease in the number of discretization cells [138].

A family of finite element methods and integrals. The
common disadvantages of the methods described above
(except for FDTD) include the complexity of describing
collective interactions in the system “NP-substrate-
environment ensemble” and the impossibility of describ-
ing extended nanostructures [139]. Many numerical cal-
culation methods are still under development, improve-
ment and modification, and for this reason there is no uni-
fied classification and hierarchy. The most widespread
and generally accepted approach to the classification of
methods is considered, where the finite element method is
considered to be the most general [139—142]. In its pure
form, the method of finite integrals, as well as the method
of finite differences in the time domain, as a rule, are
used only for broadband calculations in the time domain
[143 —145]. For narrow-band problems, where the calcu-
lation of rather complex and, especially, extended struc-
tures is required, calculations in the frequency domain
based on the finite element method are used [146].

This family of methods refers to methods for solving
the system of Maxwell equations in integral form. The
area in which the solution of the system of Maxwell
equations in integral form is sought is divided into a finite
number of elements (cells). In each of the cells, some
kind of approximating function is selected, which is equal
to zero outside the given cell. The function values at the
cell nodes are the desired ones. To find the coefficients of

the approximating functions at the nodes of the cells, a
system of linear algebraic equations is compiled and
solved, and due to the limited number of connections for
each node, the matrix of the system of linear algebraic
equations is sparse. For the numerical solution of these
equations, the calculation area is first determined, con-
taining the simulated structure in the form of a set of ele-
mentary cells. In this case, the computational domain is
divided into a finite number of contiguous cells, which
play the role of the computational grid.

The choice of a software package for constructing a
methodology for calculating the characteristics of optoa-
coustic transducers is associated with the need to obtain
results that are repeatable and adequate to reality, while it
is necessary to take in to account the main physical pro-
cesses that occur during the operation of these devices.

The theoretical description of an interconnected set of
problems of different physical nature requires a joint nu-
merical solution of the fundamental interdependent equa-
tions of physics (Maxwell, Poisson) [131, 132]. Fig. 6
shows a classification of approaches for describing such an
interrelated set of tasks, which can be divided into sequential
[130, 131, 147] and parallel [148—150]. Fig. 6 also shows
the main software packages in which the considered ap-
proaches can be implemented. The following modern soft-
ware packages are given as examples: CST Microwave Stu-
dio, Ansys Multiphysics and Comsol Multiphysics.

In sequential methods, calculations are carried out in a
chain within individual computing blocks that describe pro-
cesses of various physical nature. These methods, in turn,
are divided into those using unidirectional and bidirectional
calculations. It is important to note that in sequential unidi-
rectional methods, at each stage of calculations, it is possible
to use different input data, as well as output calculation data
from a certain computing module. At the same time, the
possibility of a global organization of iterations remains
[151]. In sequential bidirectional methods, iterations can be
implemented at each stage of calculations, including for re-
fining the structure between computing modules adjacent in
the hierarchy. Parallel methods are a generalization of meth-
ods with bidirectional calculations: they solve systems of
coupled equations, when at an intermediate stage of calcula-
tions it is not always possible to evaluate the results of calcu-
lations of a separate physical process. Also, with the parallel
type of calculations, there is no possibility to conduct numer-
ical experiments related to the hypothetical "switching off"
of any physical process, which can be very useful in deter-
mining the physical mechanisms for the connection of input
parameters with output ones.

Within the framework of Comsol Multiphysics, a
technique with parallel iterations is implemented, when
electromagnetic, thermal and mechanical properties are
simultaneously calculated. Comsol Multiphysics is a
software package for solving systems of partial differen-
tial equations and is often positioned as an add-on to
Matlab [147], where you can set up a simulation of some
physical phenomenon using a graphical interface, and
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then save it as a Matlab script. Comsol Multiphysics al-
lows you to consider physical processes that are de-
scribed by equations of mathematical physics in partial
derivatives, in which constants and coefficients are asso-
ciated not with mathematical abstractions, but with real
physical substances, processes and phenomena. The main

difficulty is that it is necessary for the user to correctly
formulate adequate equations that describe the problem
being solved. Moreover, when using this software pack-
age, an exact specification of the boundary conditions is
required. For adequate work in this package, you need to
spend some time on training.

multiphysics simulation of the physical processes

complex
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Fig. 6. Classification of approaches for describing such an interrelated set of tasks

Ansys Multiphysics generally implements sequential
bidirectional methods for calculating complex physical
characteristics. This software package is focused on solv-
ing low-frequency problems of electrodynamics, which is
its main drawback in relation to the description of optoa-
coustic converters, where modeling of the interaction of
optical radiation with a nanostructure is fundamentally
required. Historically, the Ansys Multiphysics software
package was positioned to solve problems related to elec-
tric motors, relays, and solenoids [152]. The two consid-
ered software packages are the most appropriate when, in
practice, problems arise in which it is impossible not to
take in to account the interaction of phenomena of differ-
ent physical nature on a close time scale (temperature de-
pendence of the dispersion of optical constants, thermal
heating) [149], [152—-155].

CST Microwave Studio implements sequential type
techniques. This software package makes it possible to
split the calculations into conditionally independent pro-
cesses, which makes it possible to repeatedly simplify the
system of related equations of physics and reduce the
computational domain in space and, ultimately, obtain a

solution to the problem with sufficient accuracy in an ac-
ceptable time [130]. This is especially true when there is
a significant difference in the time scales of physical pro-
cesses occurring in optoacoustic converters, which makes
it possible to justify the use of these approximations. His-
torically, the CST Microwave Studio software package
developed as a tool for modeling microwave structures
and microwave antennas [143]. As part of this package, a
whole set of verified methods of electromagnetic model-
ing is used (a family of finite element methods and inte-
grals in the frequency and time domains, the method of
integral equations, the method for calculating eigen elec-
tromagnetic frequencies). In the process of historical de-
velopment, stationary and transient thermal calculators
were added to this package, initially developed, verified
and optimized for modeling electromagnetic heating,
which, in fact, must be taken in to account when model-
ing an optoacoustic converter. In turn, the mechanical
calculator as part of this software package appeared
somewhat later and is positioned to simulate thermal ex-
pansion and the resulting deformations, which is neces-
sary to implement the optoacoustic converter model.
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There are some attempts to create methods for calcu-
lating the complex of characteristics of nanostructures in
the form of a monolayer (and monolayers) of nanoparti-
cles on the surface of a solid body, however, assumptions
and neglects have a strong influence on the calculation
results (for example, when the refractive indices of the
substrate and the environment calculated as an average).
Therefore, there is some discrepancy between theoretical
results and experimental data. In [140], a theoretical edge
experimental study of a fiber-optic ultrasonic generator
was carried out, the absorbing layer in which was a nano-
composite film with spherical Au NPs 20 nm in size in a
polymer matrix 10 x 140 pm thick, deposited on the end
face of an optical fiber.

Fig. 7 shows the absorption spectrum for a monolayer
of 6 spherical nanoparticles with a size of 50 nm for vari-
ous distances between the centers of nanoparticles [140].
The theoretical study was carried out in the Comsol Mul-
tiphysics software package using the finite element meth-
od and a tetrahedral grid of spatial discretization. The au-
thors of the work note that the results of calculations can
only be used as estimates or initial approximations for a
series of experiments. The study of the electromagnetic
properties of fiber-optic optoacoustic transducers in the
CST Microwave Studio software package was also car-
ried out here by the finite element method, when hexago-
nal unit cells were used in the nanostructure plane, while
spherical Au NPs with a size of 20+ 50 nm were studied
at the end of the optical fibers when the distance between
them varied from 75 nm to 260 nm. It was found that one
layer of nanoparticles with a diameter of 50 nm makes it
possible to achieve an absorption coefficient of over
50 %, and three layers of Au NPs with a size of less than
25 nm — over 90 %. With a further increase in the number
of NP layers in the nanostructure, saturation occurs and
the absorption coefficient does not increase. The authors
note that the work is of particular interest for the further
creation of experimental samples of fiber-optic optoa-
coustic transducers, however, to implement such a trans-
ducer even with two NP layers, when one NP layer is
suspended at a certain distance above the other layer (the
NP are exactly one above the other) extremely difficult.
The use of nanoparticles in the form of nanocylinders
with a base diameter of 50 nm and a height of 150 nm
makes it possible to achieve an absorption coefficient of
more than 80 %, which, however, is difficult to imple-
ment in practice, according to the authors of [140].

It should be noted that the approach to the theoretical
study of the electromagnetic properties of nanostructures
presented in this work has a number of disadvantages:

1. “non-physical” surges and dips are observed on the
graphs (Fig. 7, dip on the black curve);

2. due to the direct calculation of the far field compo-
nents, the presented approach has a low computation-
al efficiency;

3. no comparison with experiment is given for theoreti-
cal results.
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Fig. 7. Absorption spectrum for a monolayer of 6 spherical
nanoparticles with a size of 50 nm for various distances
between the centers of nanoparticles, carried out in the Comsol
Multiphysics

The literature also cites a number of works where the
results of a theoretical study are in good agreement with
experimental data for other types of nanostructures [155—
159], however, the method for calculating the complex of
optoacoustic characteristics of nanostructures is not al-
ways given in full:

1. there is no study of the convergence of simulation re-
sults;

2. models of distributed structures with a high aspect ra-
tio are not used as computational units;

3. most works do not verify theoretical results with ex-
perimental data;

4. there is no analysis of the limits of applicability of the
implemented methodology.

To calculate the optical characteristics of nanostruc-
tures in the form of a monolayer of NPs on a substrate in
the environment, large computing power is required,
which is extremely difficult to implement in practice.
However, the finite element method makes it possible to
use the boundary conditions of an elementary cell, which
provide modeling of a periodic structure infinite in two
directions. This, based on the linearity of the interaction
of optical radiation with the nanostructure, makes it pos-
sible to use the principle of superposition, since in the
nanostructure in the form of a monolayer of nanoparticles
on the surface of a solid body, there are a sufficient num-
ber of regions in which there is a quasi-periodic arrange-
ment of nanoparticles. Moreover, in nanostructures in the
form of a monolayer of nanoparticles on the surface of a
solid body, collective interactions take place in the system
“ensemble of nanoparticles-substrate-environment”, which
allows us to speak about the formation of a “collective”
electromagnetic field [160, 161]. The superposition of the
responses of an ensemble of such regions forms the re-
sponse of the entire nanostructure in practice. Fig. 8 shows
experimental absorption spectrum for a periodic and non-
periodic nanostructures in the form of a cylindrical NP
with a diameter of 150 nm and a period 550 nm.

It is important to note that a number of authors stud-
ied the influence of the periodicity of the arrangement of
NPs in a monolayer on the surface of a solid body on the
spectral parameters of the absorption band [38, 162].
Fig. 9a,b shows micrographs of scanning electron mi-
croscopy of an experimental sample of a periodic and
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non-periodic (average distance between NP centers

699 nm and the number of iterations of random displace-

ments N=10) nanostructure in the form of a monolayer

of Au NPs.

To quantitatively describe the degree of non-
periodicity of NPs on a substrate in a nanostructure, the
following method was used [38]:

1. a grid with square cells was numerically generated;

2. based on the generated grid, a photomask was formed
with periodically located NPs on the substrate, where
the NPs were located at the nodes of the grid, and a
periodic nanostructure was fabricated from it. Fig. 9a
shows a scanning electron microscopy micrograph of
an experimental sample of a periodic (500 nm period)
nanostructure in the form of a monolayer of Au NPs
on a substrate;

3. the positions of the nodes in the generated grid were
shifted randomly, and the statistical properties of the
shifts along each of the coordinates obeyed the Gauss-
ian distribution;

4. random shifts of nodes are carried out iteratively an
integer number N times;

5. based on the generated spatial distribution matrix, a
photomask was formed with randomly located nano-
particles on a substrate, and a nanostructure was fab-
ricated on its basis.

Fig. 8 shows the experimental absorption spectrum for
a periodic (the number of iterations of random displace-
ments N=0) and non-periodic (the number of iterations of
random displacements N=5, 10) nanostructures in the
form of a cylindrical NP with a diameter of 150 nm and a
period (the average distance between LF) 550 nm [38].
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Fig. 8. Experimental absorption spectrum for a periodic (the
number of iterations of random displacements N = 0) and non-
periodic (the number of iterations of random displacements
N =15, 10) nanostructures in the form of a cylindrical NP with a
diameter of 150 nm and a period (the average distance between
LF) 550 nm [38]

It can be seen that, in a periodic structure with a mon-
olayer of Au NPs on a substrate, a somewhat narrower
SPR is observed with an intensity greater than the intensi-
ty of that spectrum for a nonperiodic nanostructure.

The authors of [9] note that the position of the SPR
peak weakly depends on the degree of non-periodicity of
the arrangement of NPs in the composition of the

nanostructure, however, in general, the main spectral pa-
rameters, such as the width of the SPR peak, the absorp-
tion value in the SPR peak, change by no more than 10—
20 %. If we recalculate the given sizes and periods of NP
location to the substrate filling density parameter adopted
in this work, then the conclusion made by the authors is
valid for substrate filling densities up to 50—60 %.

Optical fiber

Fig. 9. Example of periodic absorbing nanostrusture

5. Multiphysics simulation of optoacoustic transducers
based on forced acoustic oscillations

In the case of fiber-optic optoacoustic transducer, la-
ser driver provides generation of intensity-modulated la-
ser signal, which is absorbed at optical fiber edge. Ab-
sorber (monolayer of NPs) is heated and cooled, leading
to the local pressure modulation, which, in turn, results in
generation of ultrasound acoustic waves.

Whole complex of physical phenomena leads to the
excitation of sound in the medium: elastic stress at the
particle-medium interface, elastic stress at the particle-
substrate interface, and, to a lesser extent, the substrate
medium. So, at least, the following simulation sequence
should be performed in order to find out the relationship
between the modulated optical power and the output
acoustic characteristics of the optoacoustic transducer:

1. Calculate the optical absorption coefficient in the sur-
face nanostructure at the optical fiber edge for an
emission wavelength of commercially available laser
(electromagnetic simulation was studied in details by
authors in the [160—162]);

2. Calculate available heat emission power for the some
laser type and for each set of nanostructure micro-
scopic parameters (available heat emission power is
equal to the product of absorbtion coefficient and la-
ser power [162]);

3. Simulate steady-state temperature distribution within
the nanostructure for stationary value of heat emission
power in order to check the possibility of physical
implementation of such structures with long-term op-
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eration without overheating (steady-state thermal
modelling);
For time-varying heat emission power, simulate a
time-varying temperature distribution in the
nanostructure and its surrounding. During this stage,
durations of heat transfer transients are determined by
means of analysis of the set of instantaneous tempera-
ture and heat flux 3D distributions;
Simulate mechanical displacements of the nanostruc-
ture components and resulting time-varying pressure
(mechanical modeling).
As it mentioned previously, when modeling thermal
expansion within the complex of physical problems, na-
noparticles under study are not considered as free. The
thermal and elastic properties the spatially fixed substrate
of optical fiber edge as well as the environment surround-
ing are taken in to account. Moreover, when modeling
and solving structural analysis problems, appropriate
boundary conditions are applied [83, 112].
Thermophysical simulation of optoacoustic transduc-
ers (2—4) is a multi-step process. Firstly, it is necessary
to define the limitations numerical model of the
nanostructure. Then, set the boundary conditions should
be chosen. Optoacoustic transducer consisting of mono-
layer of monodisperse metal NPs on a substrate (optical
fiber edge) has been simulted with the CST Microwave
Studio SE [160, 163]. Surface nanostructure simulation is
realized using the unit cell boundary conditions (transla-
tion is carried out in two dimensions to infinity). The unit
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cell of the nanostructure consists of four contiguous par-
allelepipeds, two of which consist of a substrate material,
and the other two contain a surrounding material. NPs are
placed at the interface between substrate and surrounding
(with the base touching the substrate). The usage of addi-
tional parallelepipeds of the same material is associated
with better convergence and limited processing power
[161], remaining two layers are semi-infinite due to ab-
sorbing boundary conditions [165—168]. Nevertheless,
random spatial distribution of NPs on the solid substrate
results in slightly wider SPR-peak with decreased intensi-
ty. It is noted [162], that the main spectral parameters
(e.g., SPR-peak position, absorbtion coefficient at the
SPR-peak and its width) are changed no more then on the
amount of 10—20% [162].

After, it is necessary to calculate steady-state as well
as time-varying temperature distribution in the nanostruc-
ture and its surrounding. Fig. 10a shows layout of ther-
mophysical simulation of surface nanostructures for
optoacoustic fiber-optic transducers. As it was shown
previously, surface nanostructure is characterized by very
high aspect ratio [160]. Therefore, uniform temperature
distribution boundaries can be used at some distance from
the monolayer of NPs. In the case of heat transfer prob-
lems, such approximation can be used in planes, which
are parallel to optical fiber edge and are situated at the
distance exceeding 5—10 NP diameters. This allows us-
ing isothermal boundary conditions, which is physically
equivalent to the presence of an infinite heat reservoir.
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Fig. 10. Layout of thermophysical (a) and mechanical (b) simulation of surface nanostructures
for optoacoustic fiber-optic transducers

Actually, the volume of the nanostructure at the opti-
cal fiber edge is negligible (for example, at least, several
tens of centimeters of optical fiber correspond to the rela-
tive volume fraction of the nanostructure 107'2—10713).
Previously, the authors found that an ordered electromag-
netic field distribution is formed near the mode spot cen-
ter at the optical fiber edge [31, 40—42,46]. For this rea-
son, it can be assumed that there is no heat transfer along

the plane, which is parallel to the optical fiber edge. At
least, there is no significant heat transfer between the
NPs. Therefore, it is possible to apply adiabatic boundary
conditions in use in the plane between NPs, which is or-
thogonal to optical fiber edge.

Fig. 10b shows layout of mechanical simulation of
surface nanostructures for optoacoustic fiber-optic trans-
ducers. Mechanical parameters of the media (Young's
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modulus, Poisson's ratio, coefficient of thermal expan-
sion) are set and, a plane parallel to the optical fiber edge
is fixed for implementation a mechanical model of a
nanostructure as part of an optoacoustic transducer After,
the 3D time-varying temperature distribution is taken into
account. As a result of mechanical modeling, the strain
tensor is calculated, as well as the tensor of mechanical
stresses. Pressure is the hydrostatic stress, which is the
average of the diagonal elements of the tensor of mechan-
ical stresses.

Such approach allows to establish relationship be-
tween nanostructure microscopic parameters, modulated
optical power and the output acoustic characteristics of
the optoacoustic transducer. For example, it is shown that
the applicability of nanostructures in air as optoacoustic
transducer is not limited by thermal destruction of the
nanostructure, while the thermophysical limitations for
nanostructures in water are explained by boiling.

Comprehensive study of nanostructures with a help of
such approach made it possible to establish that the type
of nanostructure for optoacoustic transducer, should be
selected based on a compromise between the performance
requirements, and realization simplicity.

6. Example of experimental study of optoacoustic device

The following experimental procedure illustrates ex-
ample of optoacoustic response measurement [170]. Sil-
ver NPs monolayer has been deposited on the optical fi-
ber edge using pulsed laser deposition method [169].

Fig. 12 shows photo of the setup for investigation of a
fiber-optic optoacoustic transducer with nanoparticles
monolayer deposited on the optical fiber edge within lig-
uid surrounding [168]. TiePie HS5 (oscilloscope with ar-
bitrary waveform generator) generates probe pulses with
a period of 10 ms, a duration of 50 ns, fronts less than
12 ns, and an amplitude of 12 V from a digital arbitrary
signal generator of arbitrary. Probe electrical pulses are
guided towards to fiber-coupled laser Laserscom LDI-
450-FP-30 by means of coaxial cable. The optical signal
parameters within the optical fiber are measured by
means of 01%:99 % fiber-optic coupler, Vishay BPF34
photodiode and control channel of TiePie HSS. The peak
optical power at 450 nm is estimated as high as 40 mW.
The most part of the intensity-modulated optical signal
(99%) is connected via a Seikoh Giken SNA-1 fiber-
optic adaptor the SMF-28e¢ optical fiber with deposited
surface nanostructures. The prototype of optoacoustic
transducer, in turn, is positioned by Standa 7T38 XYZ
system. An acoustic signal is detected by a SoarPiezo
10x0.20mm-PZT5 narrowband hydrophone. Spherical
NPs are used, the analysis of series of binarized photos
allows to conclude that NPs are characterized by gamma-
distribution with average size of 35 nm, RMS size varia-
tion of 12 nm and surface occupation density of 3.8 %.

The hydrophone signal is detected by the measure-
ment channel of high dynamic range oscilloscope TiePie
HS5 (a maximum relative uncertainty of signal level

measurement is 0.25 %). The operation frequency range
of the proposed setup exceeds 40 MHz.
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Fig. 11. Power spectrum density of the output signal for the
prototype of optoacoustic transducer with monolayer of silver
nanoparticles within water surrounding [170]

Fig. 11 shows measured power spectrum density of
the output signal for the prototype of optoacoustic trans-
ducer with monolayer of silver nanoparticles within water
surrounding. The power spectral density of the electrical
signal at the hydrophone output [V*/Hz] is directly pro-
portional to the energy [J] and is determined by the
acoustic energy [Pa?]. One can see that the optoacoustic
response is observed in the frequency range of 10—
18 MHz and its level is more than 12 dB higher than set-
up noise floor.

The optoacoustic response is experimentally observed
in the frequency range of 10—18 MHz for surface
nanostructure with average size of nanoparticles of
35 nm, RMS size variation of 12 nm and surface occupa-
tion density of 3.8 % [170]. This is in a good agreement
with theoretical results.

Conclusion

Optoacoustic transducers and receivers are used in
very wide range of applications from engineering flaw
detection and medical diagnostics to optoacoustic com-
munication. The choice of optoacoustic devices as a
physical diagnostic tool is of particular importance,
which allows to identify the exact coordinates of a partic-
ular defect, violation of the structure or composition of a
substance, including critical ones. It is shown that minia-
turization of the ultra-sound source is topical for studying
small optoacoustic structures.

One can see that optoacoustic ultrasonic receivers al-
lows all-optical detection of acoustic waves for very differ-
ent situations under study. They allow to receive acoustic
signals with frequencies up to 140 MHz with the effective
sensor size less than 100 um. The analysis of the set of pa-
pers shows that this topic is rather developed. But, it is not
in the area of scientific, but technical problems.

From the other hand, optoacoustic transducers are less
studied scientific problem. The world scientific commu-
nity has already accumulated enough knowledge about
the physical processes underlying optoacoustic conver-
sion. The main problem currently standing between us
and really high-performance devices with wide operating
frequency bands is that the energy conversion process has
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many parameters, which significantly complicates its op-
timization. The combination of a metal and a polymer in
the hybrid material of the active medium of an optoacous-
tic transducer to combine their "useful" properties (the abil-

ity to absorb laser radiation and high thermal diffusivity for
a metal and a high coefficient of linear thermal expansion
for a polymer) always leads to the appearance in the final
material of "harmful" properties of the components.

Oscilloscoy

generator

TiePie HSS

*-;:/“s&:

_—

Control
photodiode
Fiber-coupled laser
Laserscom
LDI-450-FP-30

\)
_— Fiber-optic
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Irophghic SeatPiezo .
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Fig. 12. Photo of the setup for investigation of a optoacoustic transducer with nanoparticles monolayer deposited
on the optical fiber edge within liquid surrounding [170]

For high energy efficiency of an optoacoustic ultra-
sonic transducer, it is necessary to find the optimal com-
bination of many system parameters, in particular, the op-
tical and thermophysical properties of its constituent ma-
terials. Since the process is multiparametric, it would be
convenient to apply modern methods of computer algo-
rithms, such as genetic algorithms and machine learning,
to optimize the structure and select the materials included
in it. So, the simulation methods of the optoacoustic
transducers are of extreme importance. Comprehensive
study of nanostructures with a help of multiphysics ap-
proach made it possible to establish that the design for
acoustic transducer, should be selected based on a com-
promise between the performance requirements, and real-
ization simplicity. Up to the moment, the optoacoustic re-
sponse has been experimentally observed in a good
agreement with theoretical results.
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