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Materials that convert the energy of a laser pulse into heat can generate a photoacoustic wave through
thermoelastic expansion with characteristics suitable for improved sensing, imaging, or biological
membrane permeation. The present work involves the production and characterization of materials
composed of an ultrathin layer of titanium dioxide (<5 um), where a strong absorber molecule capable of
very efficiently converting light into heat (5,10,15,20-tetrakis(4-sulfonylphenyl)porphyrin manganese(in)
acetate) is adsorbed. The influence of the thickness of the TiO, layer and the duration of the laser pulse
on the generation of photoacoustic waves was studied. Strong absorption in a thin layer enables
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Introduction

Thin materials with optimized optical and thermoelastic prop-
erties enable the production of intense and high-frequency
ultrasound pulses through the photoacoustic effect. Those
ultrasound pulses can be used in diversified areas, such as
medical treatments (therapeutic ultrasound), material chem-
istry, biomedicine, ultrasound metrology, or engineering
applications.’” Partially motivated by the application in diag-
nostic ultrasound imaging, where higher frequency compo-
nents are required to improve image resolution, over the last
two decades the research for new materials capable of con-
verting light into pressure waves reaching high central
frequencies and wide bandwidths has intensified.®® The
generation of ultrasound waves through the photoacoustic
effect consists of the absorption of a short laser pulse, with
moderate optical energy fluence (typically <100 mJ cm™?), by an
optically absorbing material which optimally should convert all
absorbed light into heat within the laser pulse duration. When
within the material a molecule can be identified as the light
absorber, the laser pulse promotes the transition to a transient
molecular excited state. Release of heat to the surroundings is
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combining short laser pulses and ultrathin absorbing layers.

enabled by the fast return to the ground state through non-
radiative processes. This causes a transient thermoelastic
expansion and launches a longitudinal pressure wave that
propagates in the material at the speed of sound, with
a moderate increase in the pressure of the absorbing medium.
Such acoustic waves are characterized by pressure amplitudes
over 1 MPa and wide bandwidths (that can reach ~80 MHz at
—6 dB).*'* These materials are called piezophotonic or opto-
acoustic materials'* and they require a high linear absorption
coefficient (u,) in order to absorb a large amount of light in
a thin layer, ultrafast radiationless transitions and a high Gri-
neisen coefficient, which reflects the behavior of the volume
expansion as a function of an increase in the temperature. High-
frequency ultrasound generated by piezophotonic materials has
been applied in high-resolution imaging," inspection of mate-
rials,” metrology,'*"* real-time analytical processes,'® or per-
meabilization of biological barriers.*""**

Piezophotonic materials generally comprise a thin film of
the absorbing molecules or particles embedded on a thermal
expansion polymer. Polystyrene (PS) and polydimethylsiloxane
(PMDS) are commonly used as the thermal expansion layer
due to their high thermal expansion coefficient. The full
polymer layer is usually thicker than the actual absorption
layer, as the latter layer is often obtained through nano-
materials grown on a glass substrate, which are then covered
by a polymer layer. The intensity and shape of the ultrasound
pulses also depend on the existence of rigid boundaries.
Absorber materials consisting of carbon nanoparticles are
frequently used, due to their capability to absorb linearly the
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incident light in a large range of wavelengths, and due to the
nanometric scale, which allows the rapid and efficient depo-
sition of thermal energy in the material which will suffer the
expansion. Carbon black,"” carbon nanotubes,**** carbon
nanofibers,” reduced graphene oxide*® and graphene* or
candle soot nanoparticles* are some of the commonly used
materials. Other absorbers can also be used, such as dyes
embedded in polystyrene,” metallic films, gold nano-
structures or nanoparticles.***” Carbon nanotubes function-
alized with siloxane groups have been shown to generate
exceptionally wide bandwidths (170 MHz at —6 dB) and peak
pressures >1 MPa when excited by picosecond pulsed lasers.*

An efficient photoacoustic wave generation must comprise
two conditions defined as thermal and stress (or optical)
confinement. Thermal confinement requires total heat deposi-
tion before heat diffuses through the material, which maxi-
mizes the temperature in the irradiated region.”®* It can be
expressed as Ty < Ty, Where Ty, = (ua” X ) " is the time of
thermal diffusion (ag,/m s~ is the thermal diffusivity) and t;,
the laser pulse duration (FWHM, Full Width at Half Maximum).
On the other hand, the stress confinement requires the heating
of the irradiated region to occur before the thermal expansion
takes place, i.e., 1y < 75, where 15 = (ua x ¢5) ' is the time of the
thermal expansion (cs/m s—' is the speed of sound in the
material). When both conditions are met, a situation known as
the short-pulse regime, the volume expansion during the optical
heating is negligible, i.e., dV/V = 0. In this situation, the
relation between the pressure, p,, and temperature, A7, is given
by30

AT
o K

(1)

where  is the thermal coefficient of volume expansion (K™ '), k
= Cplpcs’Cy is the isothermal compressibility (Pa™"), p is the
density (g dm?), and Cp and Cy are the calorific capacities at
constant pressure and volume, respectively. In solid materials,
Cp and Cy are identical.®* Furthermore, the variation in
temperature can be defined as AT = Hy,/pCpV, where Hy, = E X
A is the energy converted into heat (J), assuming total conver-
sion of the light absorption, E is the optical energy, A the
absorption and V is the irradiated volume (m®). As mentioned
previously, efficient photoacoustic wave generation requires the
conversion of the total optical energy absorbed into heat (14, =
1) and an efficient thermal expansion as a response to an
increase of the temperature, described by the dimensionless
Grineisen coefficient I' = §/kpCp. So, the pressure equation
simplifies to

Po

Po = ?% (2)
where [ is the thickness of the absorbing region (m) and S is the
illuminated area (m?). The expression above, highlighting the
inversely proportional effect of the thickness, can be written as
a similar equation using the earlier-mentioned linear absorp-
tion coefficient (u,):**

pO:FX,U'aXFXnth (3)
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where F is the energy fluence (J cm™2). Following eqn (3) in the
short-pulse regime the photoacoustic wave amplitude depends
on the intrinsic properties of piezophotonic materials and laser
pulse characteristics. It requires a high thermal expansion and
low heat capacity. Furthermore, it predicts that, for the same
amount of optical energy absorbed, p, will be greater the
smaller the thickness. Absorption and expansion in an ultrathin
layer launch an expansion in a short volume, enhancing the
photoacoustic wave intensity and absolute pressures obtained.
Moreover, if the thickness of the film absorption layer is much
larger than the light penetration depth, this will cause acoustic
attenuation (both in intensity and in bandwidth, at the cost of
high frequencies). There is a reciprocal relation between having
a very thin film (large u,) required for the generation of broad
bandwidths and the short-pulse regime condition, since it can
turn 1y, < 7 into a false inequality. The width of a photoacoustic
wave is given by 7y, + 1/csua, where 1/cgu, is the time that the
perturbation takes to pass through the optical absorption
length.® The short-pulse regime is predominant in thicker films,
where 1/u, >> c1;, and the photoacoustic generation is given by
eqn (3). On the other hand, if the y, is too large as in very thin
films, the optical penetration depth becomes smaller than the
pulse duration, i.e. ¢t >> 1/u,, and it is defined as long-pulse
regime, expressed as

F
Pozfa (4)

Under these conditions, the temporal profile of the photo-
acoustic pulse is limited by the laser pulse width. The use of
shorter laser pulses leads to higher pressure amplitudes.
Furthermore, it can revert the system to the short-pulse regime,
since 7y, < 74 becomes true.'®

Herein we propose a method for production of ultrathin
piezophotonic materials based on a mesoporous titanium
dioxide layer with an adsorbed dye, embedded and covered with
silicone paste, PS or PDMS to enable efficient thermoelastic
expansion, capable of generating high frequency and broad
bandwidth ultrasound. We used a picosecond laser to overcome
the limitations associated with the generation of photoacoustic
waves in the long-pulse regime, which is commonly seen in
films with very low thicknesses when nanosecond laser pulses
are used.

Experimental
Synthesis

The molecule 5,10,15,20-tetrakis(4-sulfonylphenyl)porphyrin
manganese(m) acetate (MnTPPS) was synthesized using
the process reported in the literature.*®* MnTPPS was
synthesized by the condensation of pyrrole with benzalde-
hyde (7 : 3), followed by chlorosulphonation with addition of
an excess of chlorosulfonic acid to TPP which ends with
a hydrolysis. The Mn'" was added as an excess of tetrahydrate
manganese acetate in sodium acetate/acetic acid and puri-
fied by size exclusion column chromatography (see the ESIT
for details).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fabrication of piezophotonic materials

For TiO, films production we used a Ti-nanoxide HT/SP paste
(Solaronix), ideal for screen-printing, which allows a porous
thin layer of particles with individual size between 10 and
15 nm to be obtained. The TiO, colloidal paste is applied over
a porous screen and the content is dragged with a rubber
material to spread over a glass slide. The transparent TiO, film
was left to dry at room temperature and then subjected to
a sintering process with a temperature program in an oven
(Harry Gestigkeit Programme Regulator 5; 125 °C for 15 min,
325 °C for 10 min, 375 °C for 15 min, 450 °C for 15 min and
500 °C for 20 min). Films prepared by this method had
thickness between 3.5 and 5.3 pm (measured first using
a caliper and confirmed by electronic microscopy images).
Casting using a doctor blade technique allowed films with
thickness between 5.5 and 7.0 pm to be prepared. The
prepared TiO, films were then left to adsorb the dye in
a concentrated solution of MnTPPS in ethanol, by submersing
the substrate in the solution for certain time periods
depending on the absorbance required (see absorbance values
in Table 1). First, films with thicknesses between 3.5 and
7.0 mm were examined. For further detailed studies, we
choose the thinner films that could reach an absorbance of 1.0
at 471 nm; those were the films with a TiO, thickness of 4.4
um. Full ultrasound characterization, measurements of abso-
lute pressures reached, and laser-induced threshold studies
were performed with those thin films.

The thin TiO, films were covered with silicone paste, poly-
styrene or polydimethylsiloxane. To prepare polystyrene, 2 g of
polymer were dissolved in 6 ml of toluene and left in a hot bath
at 50 °C with constant stirring for 2 h, until a homogeneous
solution could be seen. We used a closed recipient to avoid
solvent evaporation and consequent solidification of the poly-
mer. The preparation of polydimethylsiloxane involved the
addition of a crosslinking agent to the PDMS monomer (1:9),
with slight agitation for 5 minutes. The solution was then
placed in an ultrasound bath at room temperature in a closed
container.

Both polymers were added to the TiO, films with MnTPPS
adsorbed using a spin coater (Specialty Coating System, Inc.,

View Article Online
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Model P6700). We used a rotation program, previously opti-
mized, with 400 rpm for 10 s, to ensure the infiltration on the
structure of TiO,, followed by 3000 rpm for 80 s. Due to their
distinct viscosities by using this procedure a layer of 5 um of PS
and a layer of 15 um of PDMS over the TiO, film is obtained. The
films were left at room temperature to evaporate the solvent. For
those films with PDMS it was necessary to use a vacuum system
in order to remove unwanted air bubbles.

Ultrasound characterization

The photoacoustic waves were generated with a pulsed 6 ns
FWHM Nd:YAG laser (EKSPLA NL301G NdYAG) that when
necessary was coupled with an OPO (EKSPLA OPO PG-122) or
with a 30 ps FWHM Nd:YAG laser (EKSPLA 2143A), with
a diameter of 2 mm. With the ns pulse laser, a fluence of 10 mJ
cm™? was used, while with the ps laser, a fluence of 2 mJ cm ™
was used. The presence of high frequencies was analyzed using
a front-face irradiation setup (Fig. 1) developed by our group for
photoacoustic calorimetry experiments,” with a 225 MHz
contact transducer (Panametrics/Olympus, model V2113). We
used a quartz mirror capable of reflecting >99% of the incident
light to ensure the safety of the detector. It must be noted that
the results were obtained using this quartz mirror of 1 cm
between the material to be analyzed and the transducer, so high
frequencies may be significantly attenuated. The piezophotonic
material was placed on top of the mirror, which is inside of
a support, and we applied silicon or water gel to improve the
acoustic coupling. Finally, a heavy material (1.5 kg) with an
optical window was placed over the film to ensure confinement.
The signal was recorded using an oscilloscope (DPO7254 Tek-
tronix, 2.5 GHz bandwidth) with an average of at least 200
waveforms. Films were replaced whenever they appeared to be
damaged.

Absolute pressures

Absolute pressure measurements were made using a 0.2 mm
needle hydrophone (Precision Acoustics, model NH0200) cali-
brated in a range of 1 to 30 MHz. The photoacoustic waves were
generated employing a nanosecond Nd:YAG laser (EKSPLA OPO

Table 1 Properties of piezophotonic materials: absorbance (A) at 471 and 532 nm*

6 ns 6 ns 30 ps

Wavelength " Peak pressure  Central —6 dB bandwidth Central —6 dB bandwidth
Film [nm] A [mm™] [MPa] frequency  [MHz] (upper limit) frequency  [MHz] (upper limit)
TiO,_MnTPPS 471 1.0 523 0.92 72 113 (134) — —
(silicone paste) 532 0.26 136 — 58 82 (99) 79 121 (143)
TiO,_MnTPPS_PS 471 1.0 523 0.49 82 133 (157) — —

532 0.26 136 — 68 108 (127) 9 148 (173)
TiO,_MnTPPS_PDMS 471 1.0 523 0.59 88 133 (160) — —

532 0.26 136 — 74 105 (127) 87 131 (157)

“ u, = 2.3A/l, Naperian absorption coefficient for each wavelength, where [ = 4.4 um; obtained peak pressures, central frequency, bandwidths at —6
dB and (in brackets) the upper-frequency limit at —6 dB, for pulse widths of 6 ns (10 mJ cm ?) and 30 ps (2 mJ cm ™ ?)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Setup used to measure high frequencies and bandwidths using a 225 MHz transducer; laser beam spot with a 2 mm diameter. (Top right)

Photograph of the piezophotonic materials and transducer holder.

PG-122 pumped by a EKSPLA NL301G Nd:YAG laser with pulse
duration of 6 ns), with excitation at 471 nm and with a diameter
of 2 mm, yielding a fluence of 10 mJ cm 2. The piezophotonic
materials were placed in a water container at room temperature
and the hydrophone was submersed until reaching a distance of
2 mm from the film (Fig. 2). Before placing the piezophotonic
materials and positioning the hydrophone at the measuring
distance, the laser beam was collinearly aligned with the tip of
the hydrophone. The signal was recorded in an oscilloscope
(DPO7254 Tektronix, 2.5 GHz bandwidth) with an average of at
least 200 waveforms. To obtain the absolute pressure we used the
recommendations and calibration provided by the manufacturer
in a range between 1 and 30 MHz. A sampling interval of 2.5 x
10" s was used to measure the FFT of the waveforms with the
hydrophone and obtain their frequency distributions. The
contribution of each frequency, with a step of 1 MHz from 0 to 30
MHz, was calculated to obtain the total distribution of frequen-
cies for each waveform. A final calibration factor was obtained
from the calibration factors provided by the hydrophone manu-
facturer for the various frequencies. Calibration factors of each
waveform were employed to convert the measured pressure wave
to the corresponding absolute pressure in MPa.

Laser damage thresholds and performance under continuous
laser exposure

The piezophotonic materials’ robustness was quantified in
terms of the observable laser-induced damage threshold and in
terms of performance under continuous laser exposure. Under
identical irradiation conditions, we compared the laser-induced
damage of films with absorbance of 0.26 at 532 nm. A 30 ps
FWHM Nd:YAG laser (EKSPLA 2143A) at 532 nm with an 8 mm
diameter was used. We followed the measurement steps by
increasing the incident laser fluence (between 20 mJ cm™ > and
120 mJ cm~?) and observing possible physical damage between

4194 | Nanoscale Adv, 2023, 5, 4191-4202

steps. A digital camara was used to capture optical images of the
films. Using the same laser source, the films were examined
under continuous laser exposure (20 mJ cm >, 10 Hz) for
a period of one hour. Before irradiation and every 15 minutes
after the start of irradiation the photoacoustic waves were
measured by a 225 MHz contact transducer (Panametrics/
Olympus, model V2113) using the same setup described above
for ultrasound characterization.

Results
Properties of piezophotonic materials

Titanium dioxide (TiO,) films can be easily fabricated from
a paste of nanoscale TiO, particles, resulting in very thin (<8 um
in the present work) transparent films. Furthermore, they
consist of a structure capable of adsorbing a large number of
molecules due to the large surface area of the nanoscale parti-
cles. In this work, we use as absorbing dye 5,10,15,20-tetrakis(4-
sulfonylphenyl)porphyrin manganese(ur) acetate (MnTPPS),
a metalloporphyrin with a manganese(in) atom that ensures the
total conversion of the light absorbed into heat through deac-
tivation of the excited state by radiationless processes. This
happens because the half-filled orbitals of the metal are
between the energy levels of the porphyrin HOMO and LUMO
orbitals.** This offers an alternative path to return to the ground
state after excitation by charge transfer states from ligand-to-
metal or metal-to-ligand, resulting in lifetimes lower than 0.5
ps in the excited state.***® Sulfonyl groups in the dye act as an
anchor and allow the strong adsorption of the dye to the TiO,
nanoparticles. In addition, we incorporate silicone paste, poly-
styrene or polydimethylsiloxane into the TiO, mesoporous films
to optimize thermal expansion after the heat deposition and
ensure a film protection layer. The mesoporous nature of the
TiO, films allows the incorporation of the polymers.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Setup used to measure absolute pressures with a 30 MHz needle hydrophone; laser beam spot with a 2 mm diameter. (Top right)

Photograph of the setup.

The piezophotonic materials were produced with thick-
nesses between 3.5 and 7.0 um. By controlling the time of
adsorption the absorbance was found to be 0.6 at 471 nm, which
corresponds to the Soret band of MnTPPS. Polystyrene and
polydimethylsiloxane permeated and covered the TiO, MnTPPS
films. A third film was studied without adding polymer, but we
used silicone paste interpenetrated into the TiO, nanoparticles
as expanding medium. The methodology to produce TiO, films
was optimized in order to improve the photoacoustic perfor-
mance of these materials. The first step was to analyze the
influence of the thickness in the generation of photoacoustic
waves considering eqn (2). As expected, we observed that the
intensity of the photoacoustic signal increases with the recip-
rocal of thickness (Fig. S3, ESIf). Also, thinner TiO, MnTPPS
films (impregnated with silicone paste) exhibit higher central
frequencies and broader bandwidths than thicker films. By
doubling the film's thickness from 3.5 to 7.0 um the central
frequency changes from 56 to 38 MHz and the maximum
bandwidth frequency at —6 dB diminishes from 115 to 65 MHz
(Fig S4, ESIY). For further studies, we chose a film that was as
thin as possible (4.4 um), but it absorbed at least 90% of the
incident light. By doing so we aim not to compromise on
obtaining high frequencies, while still retaining high absorp-
tion, not compromising on the photoacoustic wave amplitude
when irradiating at the maximum absorption wavelength.

Fig. 3A shows the representative photographs for each TiO,
material studied (with an absorbing layer of 4.4 pm). The
nomenclature attributed to each film is based on their compo-
sition, ie., first the TiO, substrate, then the MnTPPS dye and
finally the polymer used (PS or PDMS). Fig. 3B shows the
absorption spectrum of MnTPPS adsorbed on TiO, (with an
absorbance of 1.0 at 471 nm), as well as MnTPPS in an ethanol
solution (the absorption spectrum was normalized for the sake

© 2023 The Author(s). Published by the Royal Society of Chemistry

of simplicity). Furthermore, we also recorded the TiO, absorp-
tion spectrum without any dye adsorbed, showing no absorp-
tion in the visible range. The thickness and composition of each
material were studied by scanning electron microscopy
(Fig. 3C). TiO, nanoparticles appear to be interpenetrated by the
polymers. The relative volume of the polymer is higher than that
of the ceramic nanoparticles. These are the reasons why in Fig. 3
there seems to exist two layers: the bottom one with the denser
ceramic material interpenetrated with the polymer, and the
outermost one with the polymer. The higher resolution micro-
graph, Fig. 3(C2i), shows an image with low particle boundary
resolution due to the presence of the polymer. These images
confirm that the thickness of the absorption region of the films
corresponds to 4.4 pm. With matched absorption of 1, the
materials proposed here have a high value of linear absorption
coefficient of 523 mm™". Table 1 presents the properties of each
material studied, each absorption at 471 and 532 nm, and the
respective linear absorption coefficient for both wavelengths. In
addition, we report the values of pressure, central frequency,
and bandwidths at —6 dB obtained experimentally. The band-
width is defined by the difference between the upper and lower
frequency limits measured at the amplitude of —6 dB. The high-
frequency ultrasound transducer used underestimates the low-
frequency region. The upper limit frequency obtained at —6 dB
is also shown in Table 1.

Ultrasound performance

The photoacoustic waves generated by TiO, MnTPPS, TiO,_-
MnTPPS_PS, and TiO, MnTPPS_PDMS were obtained. We
employed a Nd:YAG laser and OPO (FWHM 6 ns) with an energy
fluence of 10 mJ cm ™2 at 471 nm, where the absorption is >90%
of the incident light, to generate the photoacoustic waves. The
setup used is a front-face irradiation structure and the high

Nanoscale Adv., 2023, 5, 4191-4202 | 4195
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c) Ti0O2 MnTPPS PDMS
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(A) Representative macrographs of the studied piezophotonic materials: (a) TiO,_MnTPPS; (b) TiO,_MnTPPS_PS; (c) TiO,_-

MnTPPS_PDMS; (B) absorption spectra of the studied piezophotonic films; the dashed line represents the spectrum of MnTPPS in ethanol; (C)
SEM macrographs of piezophotonic materials (cross-section): (C1) TiO,_MnTPPS; (C2) TiO,_MnTPPS_PS and (C2i) magnification of the TiO,

region in (C2); (C3) TiO,_MnTPPS_PDMS.

frequencies were measured with a 225 MHz contact transducer
as shown in Fig. 1. A small amount of silicone paste was applied
as a coupling gel for TiO,_MnTPPS, while water gel was used for
the other samples. The peaks of the photoacoustic waves
collected over an extended timescale are shown in Fig. 4B. The
measurement of absolute pressure of the photoacoustic waves
generated by the materials used a 30 MHz needle hydrophone
and the setup is shown in Fig. 2. Fig. 4 shows the results ob-
tained for each material in terms of absolute pressures and
high-frequency distribution after FFT treatment of the photo-
acoustic waves.

We investigated the influence of the laser pulse duration on
the photoacoustic wave using the same set of materials. We
aimed to compare nanosecond and picosecond laser pulse
widths in the generation of photoacoustic waves. Since our
picosecond laser is limited to 532 nm, and considering the
absorption spectrum of the materials, the studies were per-
formed with excitation at this wavelength, using an energy flu-
ence of 2 mJ cm ™2, Fig. 5 and 6 show the photoacoustic waves and
the frequency distribution obtained by FFT using a nanosecond
laser (6 ns FWHM) and a picosecond laser (30 ps FWHM),
respectively. These two figures share the same scales, in order to
facilitate comparison.

For all the films and within the range of energy fluencies
studied, a linear proportional relationship between the ampli-
tude of the photoacoustic waves and the energy fluence was
observed. Fig. S5 in the ESIf shows a graph of the maximum
amplitude of the photoacoustic signal (measured by the 225 MHz
contact transducer) as a function of the energy fluence within

4196 | Nanoscale Adv., 2023, 5, 4191-4202

a range of 2 to 12 mJ cm > for the TiO,_MnTPPS_PS film. The
frequency distribution after FFT treatment of the photoacoustic
waves was not affected by the energy fluences used (Fig. S5 in the
ESIT). The non-proportional increase in the photoacoustic wave
peak amplitudes as a function of applied energy fluence has been
attributed to instrumental factors, degradation of the photo-
acoustic source, acoustic attenuation or non-linear propaga-
tion.*”” No noticeable film degradation was observed during the
experiments. To probe the performance under continuous laser
exposure, the TiO,_ MnTPPS_PS and TiO, MnTPPS_PDMS films
were submitted to 20 mJ cm > fluence pulses at 10 Hz for one
hour and no change was observed in the amplitude of the pho-
toacoustic waves (probed with a contact transducer; see Fig. S6,
ESIt). The robustness of the films was quantified in terms of the
laser-induced damage threshold. Although a film with MnTPPS
adsorbed into TiO, but without being permeated with silicone
paste or polymer bleaches at relatively low laser fluence, the
permeated films covered with polymers show laser-induced
damage thresholds above ~100 mJ cm™2 (see Table S2, ESIYt).

Discussion

The thickness and composition of each film were investigated
by scanning electron microscopy (Fig. 3C). At the bottom of each
image, it is possible to observe a dark region which corresponds
to the glass slide where the material is deposited. Over the glass
surface, there is a white region at the bottom of the film which
corresponds to the TiO, layer. Fig. 3(C1) corresponds to the film
without any polymer, and it is possible to see the presence of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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silicone paste which was used during the photoacoustic exper- over the TiO, layer. Furthermore, PS efficiently infiltrates the
iments. The film where we applied PS could be isolated from the = TiO, mesoporous structure, which allows heat transfer from the
glass slide, as shown in Fig. 3(C2), and the polymer is observed absorber to the thermoelastic expansion material. No
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measurable photoacoustic waves were observed using TiO,_-
MnTPPS films without infiltrated polymer or silicone paste
when irradiated with a pulsed laser. Fig. 3(C3) illustrates the
film with PDMS, in which the polymer layer is substantially
thicker than the film with PS, because we used the same spin
coating rotation for both cases, with PDMS having a higher
viscosity than PS. In terms of absorption spectra, a well-defined
Soret band is visible for MnTPPS in ethanol solution at nearly
466 nm with two less intense Q bands at 563 and 600 nm. Once
adsorbed in the TiO, structure the Soret band undergoes
a redshift to 471 nm (Fig. 3B). Herein we use this wavelength,
where the absorption is maximized, to excite the porphyrin
molecules and generate photoacoustic waves. The large number
of molecules of porphyrin present in a short space, allowed by
the high surface area of the TiO, nanoparticles, leads to mate-
rials with high linear absorption coefficients: a value of 523
mm " is achieved (excitation at 471 nm). The ultrathin TiO,_-
MnTPPS absorption layer yields linear absorption coefficients
comparable with those of the thinner carbon soot polymer
composites produced,” but significantly higher than thicker
laser ultrasound transducers.™

The analysis of Fig. 4A shows that the photoacoustic waves
have a profile that is mostly compressive, which is the result of an
efficient confinement.*® For the film TiO,_MnTPPS the absolute
pressure obtained has an amplitude of 0.9 MPa. For those films
which contain a polymer layer the amplitude is lower, with values
of 0.5 and 0.6 MPa for TiO, MnTPPS_PS and TiO, -
MnTPPS_PDMS, respectively. For equivalent incident laser flu-
ences the ultrasound pulse amplitude depends on light-to-sound
conversion efficiency. As the three transducers share the same
absorber molecule in equal quantity and within the same thick-
ness, most likely the lower absolute pressure observed in films
covered with a polymer layer results from the attenuation of the
photoacoustic wave in this additional compact layer, while the
viscous silicone paste allows virtually no additional layer to the
4.4 pm TiO, film. The hypothesis of lower efficiency in heat
transmission between the dye-coated TiO, particles and the
polymers compared to the silicone paste is contradictory, with

4198 | Nanoscale Adv.,, 2023, 5, 4191-4202

the same range of frequencies obtained by the three films (see
Fig. 6). The photoacoustic signals obtained with a broader
contact transducer shown in Fig. 4B are higher for those films
with PS or PDMS applied by spin coating. So, it is also possible
that the absolute pressure results are underrated since the
sensitivity of the hydrophone does not integrate the higher
frequencies. The frequency distribution (Fig. 4C) is very similar
for these two materials and reveals higher values of central
frequency and larger bandwidths for the films with a polymer
layer (indicative of slightly higher attenuation of high frequencies
by the silicone paste). Even so, minimizing photoacoustic atten-
uation by using ultrathin photoacoustic sources allows upper
high-frequency limits to be reached. Remarkable bandwidths of
133 MHz at —6 dB, a central frequency of ~90 MHz (around 160
MHz for the upper bandwidth limit at —6 dB) for TiO, -
MnTPPS_PS and TiO,_MnTPPS_PDMS were obtained.

There are examples of ultrathin films (less than 8 um in
thickness) used for ultrasound generation using nanosecond
laser sources for irradiation. Although it is worth carrying out
a comparative analysis, it should be considered that geometric
factors (such as the distance at which the measurement is taken)
or instrumental factors (as the type of detector and its frequency
range) influence the measured values. Baac et al.® reported ~80
MHz bandwidth at —6 dB for 2.6 um carbon nanotubes/PDMS
composites (6 ns FWHM), whereas in the present work values
in the order of 130 MHz were obtained. Chen et al** measured
a very high energy conversion efficiency (8.3 x 10~ with 45 mJ
cm %, 6 ns FWHM) for a multilayered carbon nanotube yarn
PDMS composite, reaching a central frequency of 9.1 MHz and
a maximum bandwidth of ~30 MHz, in contrast with the central
frequencies of ~90 MHz and a maximum bandwidth of 133 MHz
observed in this work using a 6 ns pulse. A carbon soot nano-
particle composite with PDMS with an absorbing layer of 6 um
yielded an energy conversion coefficient of 4.41 x 10> and —6
dB frequency bandwidth of 21 MHz (86 ns laser pulse).** An
ultrathin metal (10 nm, Cr) film sandwiched by polymer layers of
less than 1 pm was fabricated by Lee and Guo.® These authors do
not mention the central frequency and bandwidth obtained but

© 2023 The Author(s). Published by the Royal Society of Chemistry
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observed a pressure maximum of 1.8 MPa (with a 6 ns FWHM
and low fluence of 2.23 mJ cm™?) that are higher than the 0.5 to
0.9 MPa (10 mJ cm ™~ ?) we observed with the TiO,_MnTPPS films.
Recently, a lead halide perovskite ultrathin layer (323 nm)
sandwiched between two PDMS layers was proposed for efficient
photoacoustic conversion, simultaneously achieving broad
bandwidths (—6 dB bandwidth: 40.8 MHz, central frequency: 29.2
MHz), and high conversion efficiency (2.97 x 107?).*° Although
reaching high frequency and bandwidth with ultrathin films of
MnTPPS adsorbed into TiO,, we obtained relatively low-pressure
peaks (that are naturally scalable by increasing laser energy
density) and low energy conversion efficiencies (order of 107°).

High peak pressures of photoacoustic waves are important in
the increase of signal-to-noise ratios for high-resolution
imaging, but higher frequency components are important in
improving image resolution or application towards the per-
meabilization of biological membranes. It was experimentally
observed that the pressure waves, stress gradient and impulse
are more relevant in cell permeabilization, than solely the peak
pressure values.** From the time profiles of the absolute
pressure (Fig. 4A) stress gradients and impulses can be calcu-
lated: the stress gradient calculated as a peak pressure divided
by the time from 10% to 90% of the peak pressure, and impulse
calculated as the pressure integrated over the time of the
compressional wave."” The use of fast and low fluence laser
pulses limits the impulse values achievable in our experiments,
but stress gradients can be evaluated. Values of the stress
gradient of 0.19, 0.09 and 0.1 MPa ns™ ' were obtained for the
TiO,_MnTPPS films with silicone paste, PS and PDMS, respec-
tively. Adsorbing MnTPPS on TiO, in an ultrathin layer permits
rather high-stress gradients: using a film of MnTPP dispersed in
PS, lower values of 0.025 MPa ns ' were obtained using
a nanoseconds laser source; and even using picosecond laser
sources, that should generate higher frequencies that favour the
production of high-stress gradients, a lower value of 0.036 MPa
ns ' was observed.”

The results obtained by irradiation by nanosecond pulses
may be compromised by the laser pulse width, since the pho-
toacoustic generation occurs in the long-pulse regime. An effi-
cient photoacoustic conversion requires both thermal and
stress confinement. The nanosecond laser pulse may not ensure
proper optical confinement, and to some extent thermal
expansions may occur during optical heating. In order to
compare the behavior of nanosecond vs. picosecond pulses we
used 532 nm laser pulses of 6 ns and 30 ps. For the films under
study the linear absorption coefficient is equal to 136 mm " at
532 nm. The speed of sound is 2400 m s~ for films with PS and
1100 m s~ ' for PDMS, and the values of thermal diffusivity are
2.0 x 1077 and 1.1 x 1077 m?* s~ *,>"° respectively. So, it leads to
T = 270 ps and 14 = 3.1 ns for TiO,_MnTPPS_PS and 1y, =
492.5 ps and t; = 6.7 ns for TiO,_MnTPPS_PDMS. Thermal
confinement is always established, but stress confinement is
verified only by using a picosecond pulsed laser. So we may
consider that the short-pulse conditions are not met when using
nanosecond pulses, which indicates that the temporal profile of
the photoacoustic pulse is limited by the laser pulse width.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The ultrathin TiO,_MnTPPS materials allow the influence of
the laser pulse width on the shape of the observed photo-
acoustic waves to be studied: 30 ps pulse irradiation gives rise to
sharper photoacoustic waves (comparison between Fig. 5A and
6A). The highest power of the laser pulses used for 30 ps irra-
diation leads to higher amplitude photoacoustic waves.
Observed bandwidths and central frequencies are higher for 30
ps pulse excitation. The TiO,_MnTPP_PS film yields a band-
width (—6 dB) of 108 MHz for 6 ns pulse irradiation; enhanced
to 148 MHz for 30 ps pulse irradiation. For the same film the
upper frequency at —6 dB is improved from 127 MHz to 173
MHz. In addition to a broadening of the bandwidths for shorter
laser pulses, there is also a general deviation of the central
frequency to higher values. It can be noticed in Fig. 6B that the
use of PS polymer as host leads to higher bandwidth and high
frequencies compared with PDMS as a host. This may be
attributed to the higher speed of sound of PS, which in practical
terms reduces the thickness of the acoustic source.

Under the approximation that the laser pulses have
a Gaussian shape, they can be described by the expression

(1) = poexp[—4 In(2)(t/t1)’], (5)

which enables an estimate by FFT treatment of the laser profile
expected in the frequency-domain. Fig. 5 and 6 show the FFT of
a Gaussian 6 ns and 30 ps laser pulse, respectively. By the analysis
of Fig. 5 it is possible to observe remarkably large bandwidths
even with 6 ns pulse irradiation. These are similar to those of the
laser pulse with ¢, = 6 ns, with bandwidth values of ~100 MHz at
—6 dB, for the TiO,_MnTPPS_PS and TiO,_MnTPPS_PDMS films.
These results are very promising, but any enhancement will be
limited by the laser pulse width, which determines the upper
limit of achievable frequency band. This limitation can be lifted
using pulses of shorter duration, as illustrated in Fig. 6B by the
FFT of a Gaussian 30 ps pulse. The experiments with a 30 ps pulse
laser are in the short-pulse regime and the maximum spectral
photoacoustic wave is determined by the dimensions of the
acoustic source and by the speed of sound, ie., f= u, X ¢s =1/
15.** Fig. 6 shows that the bandwidths become ~150 MHz at —6
dB and ~170 MHz at —10 dB, for the TiO,_MnTPPS_PS film,
which are consistent with f = 326 MHz (the frequency spectrum
of the contact transducer is presented in Fig. S71).

To achieve high-frequency ultrasound we considered both
laser pulse duration and the thickness of the acoustic source.*
Ultrafast heat deposition by MnTPPS and fast heat transfer to
polymers, due to the nanoscale dimensions of the TiO, parti-
cles, contribute to the efficient generation of high-frequency
ultrasound. The reduced thickness of the absorbing and
acoustic source layer, minimizing photoacoustic attenuation,
allows upper high-frequency limits to be reached.?® The use of
lasers with picosecond pulse durations allows the generation of
the photoacoustic wave to depend only on the intrinsic prop-
erties of the materials.

The use of the photoacoustic mechanism in biomedical
applications of ultrasound often relies on miniaturization and
use of optical fibers.*® Coating of TiO, on optical fibers is
possible and has been done for applications such as
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photocatalytic reactors or sensors.**® Sophisticated sputtering
techniques or simple dip-coating methods can be used to
obtain uniform nano- to micrometer layers of TiO, over the tip
(and/or the sides) of optical fibers, in which the MnTPPS dye can
adsorb at room temperature and be coated with a polymer layer.
A reduced laser-induced damage threshold could limit the
applications of the developed piezophotonic materials. From
our observations we can state that a remarkable property of the
TiO,/MnTPPS/polymer films is that they can be used as piezo-
photonic materials for 36 000 laser pulses at laser fluences of 20
mJ] cm* for 30 ps pulses (0.7 GW cm ™ ?), without visible
degradation or change in photoacoustic properties. Although
a TiO,_MnTPPS film without being permeated with silicone
paste or polymer bleaches at relatively low laser fluence, the
films with polymer coating show laser-induced damage
thresholds above ~100 mJ em ™ (ESI, Table S21), most probably
due to the fast heat transfer permitted by the polymer presence.
Although the damage mechanism is distinct (bleaching vs.
ablation) the values obtained are within the same range of
values reported for carbon soot nanoparticle based piezopho-
tonic materials (e.g. 81 mJ cm™ %% 108.6 mJ cm > (ref. 48)).

Conclusions

Pulsed laser irradiation of ultrathin films consisting of a layer of
TiO, nanoparticles (4.4 pm) on which a manganese porphyrin
dye with an ultra-fast and practically unitary quantum yield of
non-radiative decay is adsorbed, embedded in polymers with
a convenient Griineisen coefficient (silicone paste, polystyrene
and polydimethylsiloxane), gives rise to wide bandwidth ultra-
sound, ~150 MHz at —6 dB. Steep stress gradients of 0.19 MPa
ns~ ! are obtained. The use of lasers with pulse durations of 30
ps overcomes limitations associated with ns pulse duration
lasers, allowing the generation of the photoacoustic wave to
depend only on the intrinsic properties of the materials. We
show that remarkably high frequency is achieved, ~170 MHz at
—6 dB, when a combination of low-thickness acoustic source
and short-pulsed lasers are used. Photoacoustic waves with
high-frequency components like the ones obtained here are
relevant for bioimaging applications, improving imaging reso-
lution. In soft tissues high frequency ultrasound waves, like the
ones obtained with the piezophotonic materials presented here,
are strongly attenuated for clinically relevant path lengths. For
imaging applications this leads to a trade-off between resolu-
tion and imaging depth. Considering the bandwidth and
central frequency of the ultrasound pulses obtained axial reso-
lutions of 10 pm at depths less than 1 mm can be achieved. The
steep stress gradients obtained should be appropriate to the
permeabilization of biological membranes toward drug
delivery.
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