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Abstract: Mixed (FAPbI3)g.9o(MAPbBr3)g.0g perovskite thin films exhibit strong nonlinear optical
responses, rendering them promising candidates for applications in photonics and optical communi-
cations. In this work, we present a systematic study on the ultrafast third-order nonlinear optical
processes in mixed perovskite nanocrystals (NCs) by exploring the generation of third harmonic radi-
ation and giant two-photon absorption-based photoluminescence (PL) when excited by femtosecond
laser pulses of a 1030 nm central wavelength. A comparative analysis of the coherent third harmonic
generation in the thin-film-containing perovskite nanocrystals has shown a 40x enhancement of
the third harmonic signal compared to the signal generated in the pure quartz substrate. The cubic
dependence of the third-nonlinear optical response of the (FAPbI3)g.92(MAPDbBr3)g.gg perovskites on
the intensity of the driving radiation was identified using broadband 38 femtosecond driving pulses.
The positive nonlinear refractive index (y = +1.4 x 10712 cm?-W~1) is found to play an important
role in improving the phase-matching conditions of the interacting pulses by generating a strong
third order harmonic. The giant two-photon absorption (TPA)-assisted PL peak was monitored and a
blue shift of the PL was obtained in the higher intensity range of the laser pulses, with the absorption
coefficient B estimated to be~+7.0 cm-MW 1 at a 1030 nm laser wavelength.

Keywords: ultrashort pulses; mixed perovskite; third harmonic generation; two-photon absorption;
laser-matter interactions

1. Introduction

Hybrid organic-inorganic lead halide perovskites of the form APbX3, where the A-
element generally stands for organic cations such as CH3NH;3* or HC(NH,)*?, whereas the
X-component stands for the anions of halogen (I”, Br~ or C17), are attracting great interest
due to their high conversion efficiency, which exceeds 25%. The conversion efficiency of
perovskite solar cell is defined as the ratio of the electricity generated from a cell and the
solar power [1]. Perovskite materials have also proven to be excellent nonlinear optical
(NLO) materials due to their optical nonlinear response and broad spectral absorption,
which makes them promising candidates for photonics and optoelectronics applications,
such as optical data storage and as sources for ultrafast optical signals, and higher-order
harmonic generation [2—4]. The main component of the mixed [(FAPbI3);_«(MAPbBr3)]
perovskite-like formamidinium (FA)-based perovskites (FAPbI3) has a bandgap energy (Eg)
of 1.47 eV with a conversion efficiency exceeding 20% [5]. Meanwhile, the methylammo-
nium lead bromide (MAPbBr3) has a wider bandgap energy of around 2.00 eV [6]. The
mixture of MAPbBr3 with FAPbI; as an active layer for light absorption had shown special
characteristics that are vital not only for the improvement of the conversion efficiency
but also for tuning the optoelectronic properties of light-harvesting materials included in
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the perovskite’s structure [7]. Mixed-cation mixed-halide perovskites have special com-
positional engineering that enhances both the stability and conversion efficiency of the
device [8]. Moreover, due to its high stability in optoelectronics devices, mixing FAPbI; and
MAPDBr3 has been the focus of a large number of studies that aim towards extracting the
light absorption coefficient of such a mixture. Previous studies have shown the tolerance
of single-crystal perovskite (APbX3) to the mixing of the organic components: methylam-
monium (MA) and formamidinium (FA) cations in the A-site of the (APbls) perovskite
structure [9]. It was shown that the linear optical properties of perovskites can be tuned by
changing the halide anion X-site of the lead halide perovskite [7,10], which would result in
changing the bandgap and in obtaining a tunable photoluminescence (PL) emission as a
function of the driving radiation wavelength.

Thin film lead-based halide perovskites are of particular interest due to their strong
nonlinear responses (third-order nonlinearities) and potential applications in photovoltaic
devices [11], light-emitting diodes [12], and nonlinear optics (NLO) for the generation of
coherent radiation through converting the frequency of mid-infrared laser radiation [13].
The third-order nonlinear response has an influence on the generation of the third harmonic
and optical Kerr effect [14]. Investigating the third-order nonlinear response of perovskite
targets has been performed through the generation of third-order harmonic emission [15]
and sensitive Z-scan measurements [16]. Recently, enhanced third harmonic generation
of tunable femtosecond laser pulses in CsPbBr; perovskite nanocrystals containing thin
films was reported by Bhattacharya et al. [17], where such enhancement was attributed
to the crystalline structures of the perovskite. Enhancement of the third-order nonlinear
response can play role under resonantly-excited conditions, where the wavelength of
the laser pulses corresponds to the absorption band of the medium [18]. It was shown
that, in the case of resonant excitation of perovskite, one-photon-excited inter-band free
carrier absorption can be dominant over the mechanism responsible for the higher-order
nonlinearity (particularly, third-order nonlinearity). In the case of non-resonant excitation
(as in our current case), bound carriers at lower pump intensities play the dominant role,
but at higher pump intensities, free carrier and two-photon absorption mechanisms are
responsible for the nonlinearity. Searching for material with a strong third-order nonlinear
response for non-resonant excitation is very important for applications in photonics. Hence,
mixed perovskite films might be considered as a nonlinear material for non-resonant
excitation conditions.

In this paper, we report on the generation of third harmonic emission and photolumi-
nescence (PL) in perovskite nanocrystals (NCs) containing thin films excited by femtosecond
laser pulses with a 1030 nm central wavelength at 50 kHz repetition rate. A blue shift of PL
peaks at higher powers of the femtosecond laser pulses was analyzed. The morphology and
composition of the thin films containing mixed perovskite were analyzed. We also studied
the enhancement of the coherent third harmonic generation in 0.5 pm-thick perovskite
film. The emission spectra of (FAPbI3);_x(MAPbBr3) x, with a constant mole ratio x that
equals 0.08 under a laser excitation power ranging from 0.2 W to 1.0 W, was investigated.
The nonlinear refractive index and nonlinear absorption parameters of the sample were
analyzed using Z-scan measurements.

2. Experimental Arrangements

We used broadband 38 fs laser pulses (AFSUFFL-300-2000-1030-300; Active Fiber
Systems GmbH) at central wavelength of A = 1030 nm for analyzing the generation of the 3rd
harmonic (A/3 = 343 nm) generation and incoherent PL signal in the thin film coated on the
surface of quartz substrate by spin coating machine. The quartz substrate was chosen due to
its transparency in the ultraviolet range of spectrum and the highest optical strength at the
strong field of the laser pulses. The (FAPbI3)y.92(MAPbBr3)g.0g perovskite film was prepared
in a nitrogen-filled glove box by a one-step method reported in [19]. Pbl, (anhydrous,
99.99%, Xi’an Polymer Light Technology Corp., Xi’an, China), PbBr, (anhydrous, 99.99%,
Xi’an Polymer Light Technology Corp.), methylammonium chloride (MACI) (anhydrous,
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99.99%, Great Solar), methylammonium bromide (MABr) (anhydrous, 99.99%, Great Solar),
and formamidinium iodide (FAI) (anhydrous, 99.99%, Great Solar) were used as precursors.
The solvents used were DMF (anhydrous, 99.8%, Sigma-Aldrich) and DMSO (anhydrous,
99.9%, Sigma-Aldrich). Firstly, the precursor solution was prepared by dissolving lead
iodide (1.5 M Pbl,), lead (II) bromide (0.1 M PbBr;), methylammonium bromide (0.1 M
MABr), methylammonium chloride (0.5 M MACI), and formamidinium iodide (1.2 M FAI)
in anhydrous dimethyl sulfoxide-dimethylformamide (DMSO-DMF) = (1:4 v/v). After
stirring for 4-5 h, 45 pL of the prepared solution was deposited on the substrate and
spin-coated at 1000 rpm for 10 s, followed by 6000 rpm for 20 s. During the second step,
200 pL of anhydrous chlorobenzene was dynamically dispensed onto the center of the film
10 s before the end of the spin-coating. The substrate was eventually annealed at 150 °C
for 20 min.

The femtosecond laser pulses were focused by 400 mm focusing lens on the surface
of the sample (Figure 1b). The generation of 3rd harmonic in the perovskite sample was
analyzed based on the third-order nonlinear response of the NLO materials [14]. During
our studies, the sample was installed before the focal plane of the focusing lens of 400 mm
focal length. This configuration allowed for the avoiding of the optical breakdown of the
sample when high intensities of the 38 fs laser pulses are applied.
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Figure 1. (a) Schematic diagram of the deposition steps for the perovskite NCs thin film on the surface
of quartz substrate. (b) Experimental setup: focusing lens (FL/400 mm), sample (S), calcite prism
for dispersion of the main harmonics and their different orders (in particular, the 3rd harmonics),
beam dump for dumping main harmonics, silver-coated mirror to direct the 3rd harmonic to the
fiber spectrometer. (c) Experimental scheme for Z-scan measurements. LASER, femtosecond fiber
laser; FL, focusing lens; S, sample; TS, translating stage; A, aperture; PD, photodiode. (d) Absorption
spectra of the thin film containing mixed perovskite NCs. Inset: the Tauc-plotted absorption spectra
of the sample.

The beam spot size on the sample target was 200 um and, by measuring the energy of
the focused femtosecond laser pulses, the laser intensity was determined. The maximal
intensity of the fundamental laser pulses (A = 1030 nm) was equal to 3.0 x 10'2 W cm 2
for 2 W average power of the laser pulses at a 50 kHz repetition rate. The laser intensity
was controlled by changing the average power of the laser pulses using combination of
a half-wave plate and a thin-film polarizer, which were installed before the focusing lens
(FL). The dispersion of the fundamental A = 1030 nm laser beam, which is 3rd harmonic
(A =343 nm), was analyzed using a calcite prism. Fiber spectrometer (Flame, Ocean Optics,
Orlando, FL, USA) was used for measuring the 3rd harmonic and PL signals, as presented
in Figure 1b. In the case of the PL signal, the fiber of the spectrometer was installed close to
the sample to allow for maximum detection of the PL signal generated from the sample.
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The morphology and topography of the thin film were analyzed using a scanning
electron microscope (SEM, VEGA3, TESCAN, Brno, Czech Republic) and atomic force
microscope (AFM, Nanomagnetics, UK). The absorption spectrum of the sample was taken
with a fiber spectrometer (Flame, Ocean Optics) (Figure 1d) [20]. The optical bandgap of
the perovskite thin film was estimated with Tauc plot (inset on Figure 1d). The bandgap
energy of the mixed perovskite NCs thin film was defined to be 1.50 eV, which corresponds
to the value of the perovskite of this composition [5,6]. The thickness of the sample was
also studied using 3D Profilometer (Profilm3D, Filmetrics, Unterhaching, Germany), and
it was found to be 0.5 um. This thickness of the sample can be considered as an effective
thickness of the thin perovskite film.

The standard Z-scan technique was employed for determining the third-order nonlin-
ear optical parameters of the thin film containing mixed perovskites [21]. In this technique,
two schemes are commonly applied. The closed aperture (CA) scheme allows for de-
termination of the sign and magnitude of nonlinear refractive index (y); and the open
aperture scheme (OA) is used to measure the sign and magnitude of nonlinear absorption
coefficient (f3) (Figure 1c). In the closed aperture (CA) scheme, we used a 400 mm focal
length lens, translating stage to move sample with respect to the focal plane of the focusing
lens, aperture (A), and photodiode (PD). In the case of open aperture (OA) Z-scans, the
aperture was removed to collect all propagated radiation by a calibrated PD. Z-scan curves
of a normalized transmittance were recorded during the scanning of the sample along the
z-axis of the focused laser beam.

The fundamental harmonic (A = 1030 nm) of the femtosecond laser (pulse duration
38fs, pulse repetition rate 50 kHz) was focused using a 400 mm focal length spherical lens.
The beam waist diameter was 60 pm. Correspondingly, the maximal intensity of the laser
beam was estimated to be 4.2 x 10! W cm 2. The Z-scan setup was calibrated using a
1 mm-thick fused silica plate.

3. Results and Discussion

Figure 2 shows the morphology of the samples characterized using the electron and
atomic force microscopes. It can be seen from Figure 2a that the surface of
(FAPbI3)0.92(MAPDbBr3)0 03 deposited on quartz and annealed at 150 °C for 20 min shows a
uniform morphology and well-grown crystallites. The AFM characterization results are
presented in Figure 2b, where the surface 3D morphology is quite homogenous for such
optical studies of the sample. From the SEM and AFM images, the grain size and roughness
of the surface can be inferred, and an estimation of the average sizes of grain was 400 nm,
with a 200 nm roughness on the surface of the quartz substrate.
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Figure 2. (a) SEM and (b) AFM microphotography and (c) XRD of the perovskite thin film. The
homogenous distribution of the nanocrystals on the surface of the substrate is presented by AFM 3D
image. XRD spectra peaks for (FAPbI3)0.92(MAPbBr3)0.08 deposited on the quartz substrate. The
crystallinity structures were supported by XRD measurement of the thin films.
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Figure 2c shows the X-ray diffraction (XRD) patterns for the perovskite layer on a
quartz substrate, which showed the crystalline structure of these species. As expected, for
the perovskite structure, the characteristic peak («) is indexed at 26 ~ 14.1°. An unreacted
Pbl, in the precursor is indicated by the peak (5) at 26 ~ 12.8". Pbl, could act as a defect
that traps charge carriers and then directly yields a reduction in the purity of the perovskite
as a device by blocking the passivation at the interfaces between perovskite and the
transporting layers [22]. A tetragonal structure was reported for (FAPbI3)g92(MAPbBr3)g 08
with a space group of 14 cm, with the following lattice parameters: a (A): 8.8550, b (A):
8.8550, ¢ (A): 12.5350), which will prohibit the generation of a second harmonic from the
probing laser beam, rendering it as a noncentrosymmetrical structure with second-order
susceptibility [23]. As shown in Figure 2¢, the characteristic peaks could be identified easily,
and the structure is dominated by FAPbI;. The signs of 6 and « correspond to Pbl, and
(FAPDI3)0.92(MAPDbBr3)g 8, respectively.

For the optical studies, the homogeneity of the deposited thin film on the surface of the
substrate allowed for the generation of homogeneously distributed third harmonic and PL
signals. We analyzed the third harmonic generation of femtosecond laser pulses in the thin
films containing perovskite. The frequency conversion of the broadband femtosecond laser
pulses was recorded in the ultraviolet range of the spectrum at a wavelength of 345 nm. The
comparative spectrum of the third harmonic signal between the perovskite NCs film and
the quartz substrate is presented in Figure 3a. The 40x enhanced coherent third harmonic
signal was detected in the thin film containing mixed perovskite compared to quartz. We
have maintained a moderate intensity (2.5 x 10> W-cm™~2) for the driving femtosecond
laser pulses in order to avoid the breakdown of the sample deposited on the surface of
the quartz substrate. In our study, the maximal fluence of the driving laser pulses had a
value of around 0.1 J-cm? for the generation of TH in the thin film containing perovskite
NCs, which is significantly less than the ablation threshold of the pure quartz substrate.
Correspondingly, we did not observe craters on the surface after irradiation by driving
laser pulses at the same fluence. Moreover, the range of intensities of the driving laser
pulses was even less than the ablation threshold of the perovskite thin films. Therefore, no
damage in the sample or surface of the quartz substrate was observed after irradiation with
femtosecond laser pulses. The ablation threshold of the perovskite NCs containing the thin

film was estimated to be 0.23 J-cm 2.
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Figure 3. (a) Comparative log—scale spectra of third harmonic signal generated from pure quartz
(black solid curve), and mixed perovskite (red-solid curve) using 1030 nm 38 fs laser pulses.
(b) Log—scale dependence of third harmonic signal generated in the mixed perovskite on the inten-
sity of the fundamental laser beam. The cubic (A = 3) dependence of the third harmonic intensity on
the intensity of the fundamental laser pulses was obtained.

The nano-sized structure of the mixed perovskite material played an important role in
the generation of the third harmonic of 1030 nm femtosecond laser pulses. The evidence
of these nanostructured species was demonstrated by SEM and AFM images of the thin
film. The third harmonic signal intensity and its dependence on the intensity of driving
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pulses in the thin film of perovskite are shown in Figure 3. As expected, a cubic dependence
(Figure 3b) of the third harmonic signal on the power of the femtosecond laser pulses
is obtained. It is worth mentioning that the bandwidth of the signal of third harmonics
presented in Figure 3a is defined by the bandwidth of the driving pulses. In our case, the
driving 38 fs laser has a wide range spectrum from 900-1050 nm.

The intensity of a generated third harmonic in the case of an isotropic nonlinear
medium can be estimated according to [23]:

2

Lo = 7P exp(—éklrz/mw, (1)
where 7y = 247°x ) (—3w; w, w, w)/ (113 2n3/2c\), A, ) =2b/1 — & — B, « = 2IAk is the
normalized phase-mismatching, B = 727 1Ay [1oexp(—2k17% /b) / (n1%cA\1); Axi = O (—w; w,
w, —w)/2 —m X(?’)(—Bw ; 3w, w, —w)/ng is the difference in Kerr-induced nonlinearities,
responsible for refraction indices changes at the wavelengths of fundamental radiation
and harmonic; A;, k; and n; are the wavelengths, wave numbers and refraction indices on
the frequency of i-radiation; I is the maximal intensity at the plane of the beam waist; b
is the confocal parameter of the focused fundamental radiation; and !/ is the thickness of
the nonlinear medium. Our studies of thin films showed qualitative similarity between
the anticipated theoretical dependence and experimental data at larger energies of laser
pulses (I3 I13). The theoretical calculations [24] have shown that, with a further
increase in laser intensity, the power dependence of the third harmonic did not reach the
saturation of the signal, and there was a notable decrease in the slope value. The positive
sign of the nonlinear refractive index that we analyzed by Z-scan measurements also
played an important role in improving the phase matching conditions at the wavelength of
fundamental radiation and its third harmonic.

Figure 4 presents the PL spectrum and the dependence of the PL intensity on the laser
power (Figure 4a) and the intensity (Figure 4b) of the broadband femtosecond laser pulses
in the perovskite NCs thin film. Continuously tunable optical band gap energy from 1.59 eV
to 1.63 eV (758.1 nm < App, < 779.8 nm) with different laser powers was observed (Figure 4a).
Interestingly, a blue shift of the PL peak was observed by varying the average power of the
fs-laser pulses (1030 nm) from 0.2 W to 1.0 W. As a result, the bandgap has broadened.
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Figure 4. Power—dependent PL signal excited in the thin film mixed perovskite. (a) Power-dependent
blue—shifted PL signal at the wavelength of 779.8 nm to 758.1 nm. The black arrow shows blue-shift
of the PL peak. (b) Quadratic dependence (A = 2) of the PL emission integrated intensity on the
intensity of the driving laser pulses at low excitation power is observed at 50 kHz repetition rate. The
experimental data are presented by the red open circles and theoretical fitting is presented by the
blue solid line.

On the other hand, a third harmonic peak was detected at 350 nm (Eg = 3.54 eV). The
nonlinear behavior of the PL intensity can be explained by the two-photon excitation of
the free carriers of perovskite NCs. Meanwhile, the blue-shift of the maximum PL signal
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was observed at the high power of the femtosecond laser pulses. Figure 4a presents the
variation of the blue-shift on the power of the femtosecond laser pulses.

The black arrow shows the blue-shift of the PL peaks in the power-dependent PL
of the sample. The nonlinear behavior in power-dependent PL started at an intensity of
3.0 x 10" W-cm~2 and was observed at an intensity of up to 1.75 x 102 W-cm~2 of the
probing laser pulses. A further increase in the intensity of the fundamental laser pulses
led to the saturation of the intensity of PL generated in the thin film containing perovskite
NCs. The saturation and blue-shift of the PL signals can be explained by the variation of
the carrier’s density of perovskite at a high power of the fundamental laser pulses. These
phenomena that are associated with slow hot carrier relaxation and the state-filling of
band-edge states were analyzed by Fang et al. [25]. Additionally, PL saturation at higher
pumping intensities could be due to exciton—exciton annihilation if multiple excitons are
generated in the individual NCs, and such a fast recombination could lead to the rapid
heating of the sample. However, such rapid heating might be possible under a continuous
illumination of the sample with solar light, a CW laser, or laser pulses with much longer
pulse durations [26,27]. In our work, we illuminated the sample with laser pulses that have
a very short (~38 femtoseconds) duration, which is much shorter than the relaxation time
of the exciton—exciton interactions. Another possible explanation for the blue-shift could
be attributed to reabsorption on the blue side of the emission by the excitonic absorption
peak (the reabsorption is caused by increasing the carrier density in the excited state in the
perovskite nanocrystal). In our case, the measurement of the PL signal was performed at
the backside of the sample, where the reabsorption of the blue side (shorter wavelengths)
of the PL is possible. As the excitons diffuse across the sample, less light is reabsorbed and
a blue-shift is observed [25,28,29].

Considering the fact that we are using ultrashort driving pulses (~38 fs duration)
the possibility of photodegradation is unlikely. In the power-dependent PL spectra, we
added a background signal to each PL curve to clearly demonstrate the blue-shift of PL
spectra. This is because, at the maximal power of the driving fs pulses, we observed a small
decrease in the intensity of PL, as shown in Figure 4b. Previous studies have shown that
the photodegradation of perovskite thin films is possible when irradiating with continuous
waves for a long time, or irradiating with visible fs laser pulses [30]. The photochemical
degradation of the perovskite films was observed upon irradiation with femtosecond
pulses at 532 nm, and the depth of photodegradation decreased in the perovskite films
protected with a PMMA polymer layer. In our case, we used femtosecond infrared driving
pulses, where the absorbance of the sample is negligible and the photodegradation of the
perovskite thin film can be ignored.

The nonlinear behavior of the PL in the perovskite at the same intensity is consistent
with our results obtained by Z-scan measurements (Figure 5b). Figure 5 shows the normal-
ized transmittance of Z-scan curves. In both CA (closed aperture) and OA (open aperture)
schemes of the Z-scan at relatively low intensities of the laser pulses, the normalized trans-
mittance of the sample did not demonstrate any change. By increasing the intensity of the
laser pulses, positive nonlinear refraction and TPA processes were observed in the mixed
perovskite thin films. Our results on the PL based on the TPA can also be supported by
analyzing the TPA process and estimation of the TPA coefficient of the thin perovskite NCs
film by using an OA scheme of Z-scan measurements.
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Figure 5. (a) CA and (b) OA Z—scan curves of the thin film mixed perovskite at 1030 nm wavelength
laser pulses. In the case of CA, the intensity of the probing laser beam was ~4.3 x 10! W-cm~2,
where self-focusing effect (blue open circles) was observed. For probing beam with intensity
~3.1 x 10" W-cm~2, the normalized transmittance did not change (red open squares). In the case
of OA, the intensity of the probing laser beam was 3.1 x 101! W-ecm~2, where TPA effect (red open
triangles) was obtained. The normalized transmittance (blue open circles) did not change at the
intensity of 1.2 x 10! W-cm~?2 of probing laser beam.

Using the Z-scan technique [31], the nonlinear optical characteristics of the thin per-
ovskite film deposited on the substrate of quartz plate can be investigated. By defining the
relative coordinate x = z/zy, zg being the Rayleigh length, the dependence of the normalized
transmittance T(x) in the case of the closed aperture (CA) Z-scan can be written as [32]:

4x 2(x2 +3)

T =1 e ™ w@roe 1

Yo 2

where zp = 0.5 kw,?, A® = kyLeglo, A¥o = BloLeg/2, k = 271/A is the wave number, w, is
the beam waist radius of the focused radiation, Ij is the intensity of the probe beam at
the focal plane of the focusing lens, -y is the nonlinear refractive index, § is the nonlinear
absorption coefficient, Ly = [1 — exp (—agL)]/ap is the effective length of the nonlinear
medium, L is the sample thickness, and « is the linear absorption coefficient of suspension.
The nonlinear refraction index and nonlinear absorption coefficient were determined by
the theoretical fitting of experimental data using Equation (2). The error bars for the
determination of the absolute values of nonlinear absorption and refraction coefficients
were estimated to be £20% due to uncertainty in the measurements of the beam waist of
the focused probe beam. The value of the measured nonlinear refractive index was equal to
v =+1.4 x 10712 cm?-W~!, and the value of the TPA was equal to 8 = +7.0 x 107¢ cm-W~1.
Due to the contribution of the strong TPA coefficient, the quadratic dependence of the
emission intensity on the intensity of the 1030 nm probe pulse was observed (see Figure 4b).
The results of the nonlinearity of the mixed perovskite sample are revealed to be comparably
large, with nonlinear absorption in organic-inorganic perovskite thin films, where the
values are in the upper range of the reported data for TPA absorption coefficients (10~°
to 1078 ecm-W~1 [33-35]). The value of the nonlinear refractive index can reach up to
1077 to 107! em?-W~! in the perovskite films at the resonant excitation by femtosecond
laser pulses [18]. In our case, the relatively high nonlinear refractive index played an
important role in the generation of strong third harmonics of 1030 nm laser pulses. The self-
focusing based on the positive nonlinear refractive effect of laser pulses in the sample can
increase the refractive index, which may improve the phase-matching conditions slightly
for both the driving pulse (1030 nm) and its third harmonic (343 nm). In particular, mixed
(FAPDbI3)0.92(MAPDbBr3)¢.08 with a bandgap energy of 1.50 eV might demonstrate strong
TPA compared to single-cation perovskites MAPbBr; (1.54 eV) due to the smaller bandgap.
This can be analogous to the ,B~(Eg)’3 dependence of the TPA coefficient on the bandgap,
as found with the Cu and CuO nanoparticles of variable band gaps [36,37]. Moreover, the
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nanostructured morphology of the mixed perovskite NCs can also play an important role in
the nonlinear response of the medium containing NCs [38], nanowires [39], and quantum
dots of perovskites [40]. These forms of thin films containing perovskites allow for the
tunable control of their nonlinear optical responses for a wide range of the spectrum, which
enhances their applicability in photonics as passive modulators with saturable absorptions.

Temperature-dependent red-shifted PL for two different perovskite NCs was discussed
in Ref. [41]. The CsPbCy; 5Bry 5 NCs, deposited on heat-treated glass at 530 °C, exhibited
strong TPA and three-photon absorption coefficients compared to the perovskite NCs at
higher temperatures. Such a shift was attributed mainly due to the better crystallization
properties and the increase in the crystal grain size. TPA-based PL in the FAPbBrs perovskite
NCs was supported by z-scan measurements using 800 nm fundamental laser pulses [42],
where the central wavelength of the PL was observed at a 536 nm wavelength. In our
case, we note that, in the intensity-dependent PL for the mixed (FAPbI3)g92(MAPbBr3)g 08
perovskite NCs, the slope of the curve gives a value of 2 (Figure 4b), which implies that the
emission intensity has a quadratic dependence on the intensity of the driving laser pulses.
This validates the TPA measurements from our Z-scan studies that are conducted with the
50 kHz laser. It can then be possible that the saturation of the PL signal occurs due to the
heating of the sample when higher powers of the driving 50 kHz laser pulses are applied,
where the temperature-dependent carrier’s density variation can be triggered.

Despite the extensive research on the third-order nonlinear response of thin films
containing nanostructures, the conversion efficiency of the third harmonic remains at a
low level (10°-107°) [43,44]. For example, the THG conversion efficiency has reached
values of up to 1.2 x 107 by the enhanced nonlinearity in the silicon metasurface due
to a high Q-factor Fano resonance. Our current study focuses on the nonlinear optical
properties of the thin film containing perovskite nanocrystals when irradiated by 38 fs laser
pulses with a 1030 nm central wavelength. Compared to the quartz substrate, the thin
film containing perovskite nanocrystals exhibited a 40x enhancement in the TH signal,
which is attributed to the giant 2PA and moderate nonlinear refraction index in the thin
film containing perovskite NCs.

Our findings show that the strong third-order nonlinear response of the mixed per-
ovskite NCs thin films makes them useful as a nonlinear medium for the generation of
the high-order harmonics [45]. Moreover, this response of the thin films containing per-
ovskite nanocrystals is similar to the one observed with metal oxides, which also show
high-order nonlinear responses via the generation of the effective high harmonic generation
of ultrashort laser pulses. In particular, Gholam-Mirzaei et al. have reported a direct
application of thin films containing nanostructured ZnO materials that have demonstrated
the generation of high-order harmonics of mid-IR laser pulses [46]. A boost in the harmonic
yield by a factor of two and the spectral broadening of above-gap harmonics, compared
to longer driving pulses, were generated from ZnO NCs. Furthermore, the application
of the laser-induced plasmas (LIPs) containing perovskite nanocrystals was considered
as a nonlinear medium for the generation of high-order harmonics of 800 nm, 36 fs laser
pulses [47]. It was shown that the enhanced emission of harmonics from the LIPs of these
pristine, Ni-doped CsPbBr; colloidal 2D NCs might be useful in attosecond spectroscopic
studies via the generation of high-order harmonics. Moreover, the laser- induced plasmas
on the surface of thin films containing gold nanoparticles [48] and complex copper oxide
nanoellipsoids [37] have generated strong high-order harmonics of 800 nm femtosecond
laser pulses. Hence, thin films containing nanostructured material of perovskite, metal
nanoparticles, etc., can be an efficient nonlinear medium that could have many applications
within strong-field nonlinear optics.

4. Conclusions

In summary, we reported the generation of coherent third harmonics of broadband
femtosecond laser pulses in thin films containing perovskite deposited on the surface
of a quartz substrate. A comparative analysis of the coherent third harmonic genera-
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tion in the thin film containing perovskite NCs has demonstrated a 40x enhancement
of the third harmonic signal compared to the signal generated in the pure quartz sub-
strate. The two-photon absorption-based incoherent PL signal was also observed for a
range of powers of the driving laser. Due to the variation in the density of the carri-
ers, blue-shift and saturation of the PL signals were recorded. The third-order nonlinear
optical response of (FAPbI3)g92(MAPDbBr3) 08 perovskites showed a cubic dependence
on the intensity of the fundamental laser radiation. The positive nonlinear refractive
index (y = +1.4 x 10712 cm?-W 1) has shown a significant role in improving the phase-
matching condition of interacting pulses by generating a strong third harmonic. The giant
TPA-assisted PL peak was monitored and a blue shift of the PL was obtained when high
intensity laser pulses are used. The giant TPA absorption coefficient was estimated to be
B = +7.0 cm-MW ! at a 1030 nm wavelength of laser pulses. The presented findings on
the non-linear process of the mixed perovskite make them a strong candidate for many
promising applications and opens the door for new applications, such as the development
of efficient frequency conversion systems, optical switching, and the modulation of light
to control the THG efficiency [49]. Moreover, the extracted optical properties can provide
insights on the crystallinity properties of the perovskite crystals, using, for example, time-
resolved optical traces and generating a cluster analysis, which can be used to develop
novel optoelectronic devices [50].

Author Contributions: Conceptualization, methodology, validation, formal analysis, A.M.A.B., G.S.B.
and A.S.A,; investigation, A.M.A.B., G.S.B., M., M.P;; writing—original draft preparation, A.M.A.B.
and G.S.B.; writing—review and editing, A.M.A.B., G.5S.B.,, M.P,, NM.H. and A.S.A ; supervision,
A.S.A. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by FRG grant # FRG19-L-561 from the American University of
Sharjah, United Arab Emirates.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Jeong,].;Kim, M,; Seo, J.; Lu, H.; Ahlawat, P.; Mishra, A.; Yang, Y.; Hope, M.A,; Eickemeyer, ET.; Kim, M.; et al. Pseudo-halide
anion engineering for a-FAPbI3 perovskite solar cells. Nature 2021, 592, 381-385. [CrossRef] [PubMed]

2. Saouma, F.O.; Stoumpos, C.C.; Wong, J.; Kanatzidis, M.G.; Jang, J.I. Selective enhancement of optical nonlinearity in two-
dimensional organic-inorganic lead iodide perovskites. Nat. Commun. 2017, 8, 742. [CrossRef] [PubMed]

3.  Xu,J;Li X, Xiong, J.; Yuan, C.; Semin, S.; Rasing, T.; Bu, X.-H. Halide perovskites for nonlinear optics. Adv. Mater. 2020, 32,
1806736. [CrossRef] [PubMed]

4. Green, M.A.; Ho-Baillie, A.; Snaith, H.J. The emergence of perovskite solar cells. Nat. Photon. 2014, 8, 506-514. [CrossRef]

5. Koh, TM,; Fu, K;; Fang, Y,; Chen, S.; Sum, T.C.; Mathews, N.; Mhaisalkar, S.G.; Boix, P.P; Baikie, T. Formamidinium-containing
metal-halide: An alternative material for near-IR absorption perovskites Solar cells. J. Phys. Chem. C 2014, 118, 16458. [CrossRef]

6. Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal halide perovskites as visible-light sensitizers for photovoltaic cells.
J. Am. Chem. Soc. 2009, 131, 6050-6051. [CrossRef]

7. Jeon, N.J.; Noh, ].H.; Yang, W.S,; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. Compositional engineering of perovskite materials for
high-performance solar cells. Nature 2015, 517, 476-480. [CrossRef]

8. McMeekin, D.P,; Sadoughi, G.; Rehman, W.; Eperon, G.E.; Saliba, M.; Horantner, M.T.; Haghighirad, A.; Sakai, N.; Korte, L.;
Rech, B.; et al. A mixed-cation lead mixed-halide perovskite absorber for tandem solar cells. Science 2016, 351, 151-155. [CrossRef]

9. Pellet, N.; Gao, P,; Gregori, G.; Yang, T.Y.; Nazeeruddin, M.K.; Maier, J.; Gritzel, M. Mixed-organic-cation Perovskite photovoltaics
for enhanced solar-light harvesting. Angew. Chem. 2014, 126, 3215-3221. [CrossRef]

10. Manser, J.S.; Christians, J.A.; Kamat, P.V. Intriguing optoelectronic properties of metal halide perovskites. Chem. Rev. 2016, 116,
12956-13008. [CrossRef]

11.  Shin, G.S.; Zhang, Y.; Park, N.-Y. Stability of precursor solution for perovskite solar sell: Mixture (FAI + PbI2) versus synthetic

FAPDI; crystal. ACS Appl. Mater. Inter. 2020, 12, 15167-15174. [CrossRef]


http://doi.org/10.1038/s41586-021-03406-5
http://www.ncbi.nlm.nih.gov/pubmed/33820983
http://doi.org/10.1038/s41467-017-00788-x
http://www.ncbi.nlm.nih.gov/pubmed/28963449
http://doi.org/10.1002/adma.201806736
http://www.ncbi.nlm.nih.gov/pubmed/30883987
http://doi.org/10.1038/nphoton.2014.134
http://doi.org/10.1021/jp411112k
http://doi.org/10.1021/ja809598r
http://doi.org/10.1038/nature14133
http://doi.org/10.1126/science.aad5845
http://doi.org/10.1002/ange.201309361
http://doi.org/10.1021/acs.chemrev.6b00136
http://doi.org/10.1021/acsami.9b23086

Materials 2022, 15, 389 11 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lu, M,; Zhang, Y.; Wang, S.; Guo, J.; Yu, W.W.,; Rogach, A.L. Metal halide perovskite light-emitting devices: Promising technology
for next-generation displays. Adv. Funct. Mater. 2019, 29, 1902008. [CrossRef]

Abdelwahab, I.; Grinblat, G.; Leng, K.; Li, Y.; Chi, X.; Rusydi, A.; Maier, S.A.; Loh, K.P. Highly enhanced third-harmonic
generation in 2D perovskites at excitonic resonances. ACS Nano 2018, 12, 644-650. [CrossRef]

Zhang, R.; Fan, J.; Zhang, X.; Yu, H.; Zhang, H.; Mai, Y,; Xu, T.; Wang, J.; Snaith, H.J. Nonlinear optical response of
organic—inorganic halide perovskites. ACS Photon. 2016, 3, 371-377. [CrossRef]

Rubino, A.; Huq, T.; Dranczewski, J.; Lozano, G.; Calvo, M.E.; Vezzoli, S.; Miguez, H.; Sapienza, R. Efficient third harmonic
generation from FAPbBrj; perovskite nanocrystals. J. Mater. Chem. C 2020, 8, 15990-15995. [CrossRef]

Mirershadi, S.; Ahmadi-Kandjani, S.; Zawadzka, A.; Rouhbakhsh, H.; Sahraoui, B. Third order nonlinear optical properties of
organometal halide perovskite by means of the Z-scan technique. Chem. Phys. Lett. 2016, 647, 7-13. [CrossRef]

Bhattacharya, P.; Morrell, M.V,; Xing, Y.; Mathai, C.J.; Yu, P; Guha, S. Enhanced third harmonic generation in lead bromide
perovskites with Ruddlesden—Popper planar faults. J. Phys. Chem. Lett. 2021, 12, 4092—4097. [CrossRef]

Kalanoor, B.S.; Gouda, L.; Gottesman, R.; Tirosh, S.; Haltzi, E.; Zaban, A.; Tischler, Y.R. Third-order optical nonlinearities in
organometallic methylammonium lead iodide perovskite thin films. ACS Photonics 2016, 3, 361-370. [CrossRef]

Pylnev, M.; Tzu-Sen, S.; Tzu-Chien, W. Titania augmented with Til4 as electron transporting layer for perovskite solar cells. Appl.
Surf. Sci. 2021, 549, 149224. [CrossRef]

Suram, S.K.; Newhouse, P.F.; Gregoire, ]. M. High throughput light absorber discovery, Part 1: An algorithm for automated Tauc
analysis. ACS Comb. Sci. 2016, 18, 673-681. [CrossRef]

Boltaev, G.S.; Ganeev, R.A.; Krishnendu, P.S.; Maurya, S.K.; Rao, K.S.; Redkin, P.V.; Guo, C. Strong third-order optical nonlinearities
of the silver nanoparticles prepared by laser ablation in deionized water and air. Appl. Phys. A 2018, 124, 766. [CrossRef]

Bi, D.; Tress, W.; Dar, M.I; Gao, P;; Luo, J.; Renevier, C.; Kurt Schenk, K.; Abate, A.; Giordano, F.; Baena, J.-P.C.; et al. Efficient
luminescent solar cells based on tailored mixed-cation perovskites. Sci. Adv. 2016, 2, €1501170. [CrossRef] [PubMed]

Wu, H,; Pan, S.; Poeppelmeier, KR,; Li, H,; Jia, D.; Chen, Z; Fan, X,; Yang, Y.; Rondinelli, ] M.; Luo, H. K3BzO1¢Cl: A New
structure analogous to perovskite with a large second harmonic generation response and deep UV absorption edge. |. Am. Chem.
Soc. 2011, 133, 7786-7790. [CrossRef]

Kulagin, I.A.; Usmanov, T. Optimal conditions for the generation of the third harmonic of focused radiation in a self-interaction
regime. Quantum Electron. 1998, 28, 1092. [CrossRef]

Fang, H.H.; Adjokatse, S.; Shao, S.; Even, J.; Loi, M.A. Long-lived hot-carrier light emission and large blue shift in formamidinium
tin triiodideperovskites. Nat Commun 2018, 9, 243. [CrossRef] [PubMed]

Wei, K.; Zheng, X.; Cheng, X.; Shen, C.; Jiang, T. Observation of ultrafast exciton—exciton annihilation in CsPbBr3 quantum dots.
Adv. Opt. Mater. 2016, 4, 1993-1997. [CrossRef]

Sun, D.; Rao, Y.; Reider, G.A.; Chen, G.; You, Y.; Brézin, L.; Harutyunyan, A.R.; Heinz, T.F. Observation of rapid exciton—exciton
annihilation in monolayer molybdenum disulfide. Nano Lett. 2014, 14, 5625-5629. [CrossRef]

Yamada, Y.; Yamada, T.; Phuong, L.Q.; Maruyama, N.; Nishimura, H.; Wakamiya, A.; Murata, Y.; Kanemitsu, Y. Dynamic optical
properties of CH3NH;3PbI; single crystals as revealed by one-and two-photon excited photoluminescence measurements. J. Am.
Chem. Soc. 2015, 137, 10456-10459. [CrossRef]

Sarmah, S.P; Burlakov, V.M.; Yengel, E.; Murali, B.; Alarousu, E.; El-Zohry, A.M.; Yang, C.; Alias, M.S.; Zhumekenov, A.A;
Saidaminov, ML.L; et al. Double charged surface layers in lead halide perovskite crystals. Nano Lett. 2017, 17, 2021-2027. [CrossRef]
Khudyakov, D.V.; Ganin, D.V,; Lyashedko, A.D.; Frolova, L.A.; Troshin, P.A.; Lobach, A.S. Thin films of MAPbI3 and
MA 15FA( 75Cso 1Pbl; perovskites under femtosecond laser irradiation: Nonlinear optical absorption and kinetics of
photodegradation. Mendeleev Commun. 2021, 31, 456-458. [CrossRef]

Bing, G.; Wang, J.; Chen, J.; Fan, Y.-X; Ding, ].; Wang, H.-T. Z-scan theory for material with two-and three-photon absorption. Opt.
Express 2005, 13, 9230-9234.

Ganeev, R.A.; Zakirov, A.S.; Boltaev, G.S.; Tugushev, R.I; Usmanov, T.; Khabibullaev, PXK.; Kang, T.W.; Saidov, A.A. Structural,
optical, and nonlinear optical absorption and refraction studies of the manganese nanoparticles prepared by laser ablation in
ethanol. Opt. Mater. 2011, 33, 419-423. [CrossRef]

Liu, W,; Xing, J.; Zhao, J.; Wen, X.; Wang, K.; Lu, P; Xiong, Q. Giant two-photon absorption and its saturation in 2D organic—
inorganic perovskite. Adv. Opt. Mater. 2017, 5, 1601045. [CrossRef]

Ganeev, R.A; Rao, K.S,; Yu, Z.; Yu, W.; Yao, C.; Fu, Y;; Zhang, K.; Guo, C. Strong nonlinear absorption in perovskite films. Opt.
Mater. Express 2018, 8, 1472-1483. [CrossRef]

Saouma, F.O.; Park, D.Y.; Kim, S.H.; Jeong, M.S.; Jang, ].I. Multiphoton absorption coefficients of organic—inorganic lead halide
perovskites CH3NH;3PbX3 (X = Cl, Br, I) single crystals. Chem. Mater. 2017, 29, 6876—6882. [CrossRef]

Van Stryland, E.W.; Woodall, M.A.; Vanherzeele, H.; Soileau, M.]. Energy band-gap dependence of two-photon absorption. Opt.
Lett. 1985, 10, 490-492. [CrossRef] [PubMed]

Boltaev, G.S.; Ganeev, R A ; Krishnendu, P.S.; Zhang, K.; Guo, C. Nonlinear optical characterization of copper oxide nanoellipsoids.
Sci. Rep. 2019, 9, 11414. [CrossRef]

Liu, S.; Chen, G.; Huang, Y,; Lin, S.; Zhang, Y.; He, M.; Xiang, W.; Liang, X. Tunable fluorescence and optical nonlinearities of all
inorganic colloidal cesium lead halide perovskite nanocrystals. J. Alloys Compd. 2017, 724, 889-896. [CrossRef]


http://doi.org/10.1002/adfm.201902008
http://doi.org/10.1021/acsnano.7b07698
http://doi.org/10.1021/acsphotonics.5b00563
http://doi.org/10.1039/D0TC04790B
http://doi.org/10.1016/j.cplett.2016.01.041
http://doi.org/10.1021/acs.jpclett.1c00555
http://doi.org/10.1021/acsphotonics.5b00746
http://doi.org/10.1016/j.apsusc.2021.149224
http://doi.org/10.1021/acscombsci.6b00053
http://doi.org/10.1007/s00339-018-2195-z
http://doi.org/10.1126/sciadv.1501170
http://www.ncbi.nlm.nih.gov/pubmed/26767196
http://doi.org/10.1021/ja111083x
http://doi.org/10.1070/QE1998v028n12ABEH001395
http://doi.org/10.1038/s41467-017-02684-w
http://www.ncbi.nlm.nih.gov/pubmed/29339814
http://doi.org/10.1002/adom.201600352
http://doi.org/10.1021/nl5021975
http://doi.org/10.1021/jacs.5b04503
http://doi.org/10.1021/acs.nanolett.7b00031
http://doi.org/10.1016/j.mencom.2021.07.006
http://doi.org/10.1016/j.optmat.2010.09.033
http://doi.org/10.1002/adom.201601045
http://doi.org/10.1364/OME.8.001472
http://doi.org/10.1021/acs.chemmater.7b02110
http://doi.org/10.1364/OL.10.000490
http://www.ncbi.nlm.nih.gov/pubmed/19730461
http://doi.org/10.1038/s41598-019-47941-8
http://doi.org/10.1016/j.jallcom.2017.06.034

Materials 2022, 15, 389 12 of 12

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhang, D.; Eaton, SW.; Yu, Y.; Dou, L.; Yang, P. Solution-phase synthesis of caesium lead halide perovskite nanowires. J. Am.
Chem. Soc. 2015, 137, 9230-9233. [CrossRef]

Li, X;; Yan, L,; Si, J.; Pan, A.; Xu, Y.; Hou, X. Tunable nonlinear absorption effect and carrier dynamics of perovskite quantum dots.
Opt. Mater. Express 2021, 11, 569-574. [CrossRef]

Quan, C.; Xing, X.; Huang, S.; Jin, M.; Shi, M.; Zhang, Z.; Xiang, M.; Wang, Z.; Leng, Y. Nonlinear optical properties of
CsPbClIxBr3-x nanocrystals embedded glass. Photon. Res. 2021, 9, 1767-1774. [CrossRef]

Yang, L.; Wei, K.; Xu, Z; Li, F; Chen, R.; Zheng, X.; Cheng, X.; Jiang, T. Nonlinear absorption and temperature-dependent
fluorescence of perovskite FAPbBrs nanocrystal. Opt. Lett. 2017, 43, 122-125. [CrossRef]

Koshelev, K; Tang, Y.; Li, K.; Choi, D.Y,; Li, G.; Kivshar, Y. Nonlinear Metasurfaces Governed by Bound States in the Continuum.
ACS Photonics 2019, 6, 1639-1644. [CrossRef]

Chen, S.; Rahmani, M.; Li, K.E; Miroshnichenko, A.; Zentgraf, T.; Li, G.; Neshev, D.; Zhang, S. Third harmonic generation
enhanced by multipolar interference in complementary silicon metasurfaces. ACS Photonics 2018, 5, 1671-1675. [CrossRef]
Zhou, Y.; Huang, Y,; Xu, X,; Fan, Z.; Khurgin, J.B.; Xiong, Q. Nonlinear optical properties of halide perovskites and their
applications. Appl. Phys. Rev. 2020, 7, 041313. [CrossRef]

Gholam-Mirzaei, S.; Beetar, J.E.; Chacon, A.; Chini, M. High-harmonic generation in ZnO driven by self-compressed mid-infrared
pulses. J. Opt. Soc. Am. B 2018, 35, A27-A31. [CrossRef]

Konda, S.R.; Soma, V.R.; Banavoth, M.; Ketavath, R.; Mottamchetty, V.; Lai, Y.H.; Li, W. High harmonic generation from laser-
induced plasmas of Ni-doped CsPbBr3 nanocrystals: Implications for extreme ultraviolet light sources. ACS Appl. Nano Mater.
2021, 4, 8292-8301. [CrossRef]

Rout, A.; Boltaev, G.S.; Ganeev, R.A.; Kim, V.V.,; Maurya, S.K.; Mottamchety, V.; Guo, C. Nonlinear optical studies of gold
nanoparticle films. Nanomaterials 2019, 9, 291. [CrossRef]

Gandolfi, M.; Tognazzi, A.; Rocco, D.; De Angelis, C.; Carletti, L. Near-unity third-harmonic circular dichroism driven by a
quasibound state in the continuum inasymmetric silicon metasurfaces. Phys. Rev. A 2021, 104, 023524. [CrossRef]

Ronchi, A.; Sterzi, A.; Gandolfi, M.; Belarouci, A.; Giannetti, C.; DelFatti, N.; Banfi, F; Ferrini, G. Discrimination of nano-objects
via cluster analysis techniques applied to time-resolved thermo-acoustic microscopy. Ultrasonics 2021, 114, 106403. [CrossRef]


http://doi.org/10.1021/jacs.5b05404
http://doi.org/10.1364/OME.412189
http://doi.org/10.1364/PRJ.427155
http://doi.org/10.1364/OL.43.000122
http://doi.org/10.1021/acsphotonics.9b00700
http://doi.org/10.1021/acsphotonics.7b01423
http://doi.org/10.1063/5.0025400
http://doi.org/10.1364/JOSAB.35.000A27
http://doi.org/10.1021/acsanm.1c01490
http://doi.org/10.3390/nano9020291
http://doi.org/10.1103/PhysRevA.104.023524
http://doi.org/10.1016/j.ultras.2021.106403

	Introduction 
	Experimental Arrangements 
	Results and Discussion 
	Conclusions 
	References

