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Manipulation of resonant dielectric nanostructures is of paramount importance for next-generation
DOL:00.0000000000000¢ photonic devices. Traditionally, researchers use two-dimensional or phase-change materials for this
purpose. However, the former leads to small efficiency, while the latter lacks continuous changes.
Here, we provide an alternative approach through laser-induced modification. Specifically, via laser
ablation process we synthesized molybdenum disulfide (MoS;) nanoparticles (NPs), whose compo-
sition we then controlled through laser fragmentation. It causes a transformation of MoS; into
its oxide MoOs_,, which, in turn, results in pronounced modification of optical response, owing
to large difference between their optical constants. In addition, laser-fragmented NPs have several
times larger photothermal response, compared to original MoS; and classical silicon NPs. Thus, our
MoS,;-based laser-tunable NPs open up new perspective for resonant nanophotonics, in particular,

photothermal therapy.

1 Introduction onators2631, However, close examination reveals that although

The rise of two-dimensional (2D) materials™ begin a new a tech-
nological era in human society. They not only ease the research of
fundamental phenomena?, including quantum Hall effect, su-
perconductivity@, excitonsE]'m, trions, plasmonics, and mass-
less fermions™?, but enable rapid advances in ultrafast photode-
tectors ™ sensitive biosensorsT213 room temperature gas sen-
sorsm, efficient modulators[m, nanoscale light emitters[m, SO-
lar cells™®, on-chip computing??, and wearable medicine?L. Be-
sides, their 2D nature results in large optical response, manifest-
ing in high refractive index©/22] giant optical anisotrop, and
tightly bound electron-hole pairs?#. These unique characteristics
make van der Waals (vdWs) monolayers an ideal platform for
optical applications?®, in particular, to all-dielectric nanophoton-
ics, which utilize the resonant behavior of high-index nanores-
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monolayers demonstrate record-high efficiency per thickness32,
their device performance is limited by their atomic thickness and
requires sophisticated optical design®2:33,

It inspired researchers to shift attention to their bulk counter-
parts since they preserve advantages of monolayers, namely,
large optical constants®, asymmetrical optical response, and
excitonic dielectric function3®, thanks to weak vdW bonding
between layers. As a result, layered materials have already
demonstrated great results in subdiffractional guiding?327 in-
tegrated circuits38, strong light-matter coupling®®*1, resonance
nonlinear processesm, polaritonic transportm, anisotropic
metasurfaces3¥4 and photothermal conversion®S, especially,
in the case of transition metal dichalcogenides (TMDCs). Be-
sides, recent works4045#8 establish fabrication processes of
TMDCs nanostructures compatible with widespread complemen-
tary metal oxide technologies®?. In this regard, special atten-
tion should be devoted to the laser ablation method for the cre-
ation of spherical TMDC nanoparticles. This approach yields
mobile spherical nanoresonators, which can be easily incorpo-
rated into any optical element, unlike standard lithography pro-
cesses, used for TMDCs 4046147 Still, the problem of tunable bulk
TMDCs nanoresonators remains unsolved because they do not
have atomic thickness, which is readily by electrical gating™® or
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by the choice of the substrate>L.

In this study, we propose to manipulate TMDC optical re-
sponse through laser-induced transformation. More specifically,
we adopted laser ablation and fragmentation methods42/>27>8
from MoS, targets to synthesize TMDC nanoparticles with var-
ied chemical composition and, hence, modified optical proper-
ties within wide range of parameters. Therefore, our work offers
an innovative approach to control characteristics of TMDC-based
photonic devices and expand the scope of their applications.

2 Experimental setup and measurement techniques

2.1 Synthesis of NPs by femtosecond laser ablation and frag-
mentation methods

We applied a combined method for the synthesis of MoS, NPs. At
the first step, the laser ablation of rather large NPs in the liquid
was used, and, at the second step, laser fragmentation with du-
ration tgg was utilized for the morphological and chemical trans-
formation of these NPs.

Synthesis of MoS, NPs using laser ablation in a liquid fol-
lowed by particle fragmentation was carried out by means of fem-
tosecond Yb:KGW laser system (Avesta, Russia): the wavelength
1030 nm, maximum pulse energy 150 wJ, pulse duration 280 fs,
and pulse repetition rate 10 kHz. The target was a synthetically
grown bulk MoS, crystal placed in a cuvette filled with 5 ml of
liquid. Deionized water (DI water) and ethanol were used as the
liquid in which we carry out the laser ablation and further frag-
mentation. The processing area was a square with a side of 5 mm.
Laser beam scanning on the target surface during laser ablation
in liquid was carried out using a biaxial deflection system (X-Y
galvanometer scan head) RLA-1504 (RAYLASE GmbH, Wefling,
Germany): the density of scanning tracks 20 lines/mm and scan-
ning speed 100 mm/s. The laser beam was focused by F-Theta
objective with a working distance of 200 mm; the waist diameter
of the beam is 50 um. During laser ablation in a liquid and laser
fragmentation of the obtained colloidal solutions, the pulse en-
ergy was fixed at 100 uJ (energy flux density 5.095 J/cm?, pulse
repetition rate 10 kHz) and remained unchanged in all experi-
ments. The required pulse energy was reached by using a polar-
ization attenuator, which is a combination of a half-wave plate
and a polarization beam splitter.

The process of laser ablation synthesis of MoS, NPs in DI water
took 5 minutes with a number of passes of 60. To perform the
laser fragmentation of MoS, NPs, the colloidal solution obtained
after the laser ablation was poured into a polystyrene test tube
with the magnetic stirring bar at the bottom. A test tube with
a colloidal solution was mounted on a magnetic stirrer, which
rotated the magnetic stirring bar at 400 rpm and stirred the sus-
pension during the laser treatment. The laser beam was focused
into the colloidal solution, while the position of the waist region
was set 10 mm below the air/liquid interface. The position of the
laser beam did not change over the laser treatment. Laser frag-
mentation was carried out at room temperature and took from 10
to 60 minutes in increments of 10 minutes. Photographs of the
laser ablation process of the MoS, crystal and the fragmentation
process in DI water are shown in Fig. [1h on left and right, respec-
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tively. Several similar colloidal solutions were prepared. Next,
the solutions obtained at different durations of the fragmentation
process and after the ablation process were studied by different
methods: measurement of optical absorption spectra, imaging of
particles using TEM, analysis of Raman spectra, determination of
hydrodynamic sizes of NPs, analysis of band structure by XPS.

of obtained
Raman mi-

2.2 Investigation of optical properties
NPs solutions by optical spectroscopy,
croscopy/spectroscopy, and spectroscopic ellipsometry

The optical absorption spectra of the obtained colloidal solutions
were measured using a spectrophotometer including monochro-
mator MDR-206 (LOMO Photonics, Saint-Petersburg, Russia)
with silicon photodetector, halogen lamp used as a light source, as
well as a collimator for obtaining parallel light beams. All mea-
surements were carried out in the wavelength range from 400
to 1100 nm with different time delay At after fragmentation.
The hydrodynamic sizes of NPs obtained after laser ablation in
a liquid, as well as after laser fragmentation, were determined
using particle size analyzer LB-550 (Horiba Ltd., Tokyo, Japan),
whose operation principle is based on the dynamic light scatter-
ing (DLS). Raman spectra of NPs deposited on the silicon sub-
strate were measured in backscattering geometry using a probe
nanolaboratory NTEGRA Spectra (NT-MDT, Zelenograd, Russia),
which is the confocal Raman microscopy/spectroscopy integrated
with the scanning probe microscope. The diffraction grating with
1800 lines/mm was used for measurements. The diode-pumped
solid-state laser (DPSS) generating radiation at the wavelength
473 nm was utilized as an excitation source in the study of all
samples.

To study the effective optical constants of synthesized NPs they
were deposited as a form of thin films using a vacuum filtration
technique®? on a sapphire membrane with an average hole size
of 20 nm. For investigation of effective optical constants of de-
posited films, we implemented spectroscopic ellipsometry using
VASE ellipsometer (J.A. Woollam Co., Lincoln, NE, USA) at mul-
tiple incident angles 50°-70° in 5° step and over a broad spectral
range from 400 to 1600 nm.

2.3 Characterization of chemical composition of obtained
NPs by scanning transmission electron microscopy and
X-ray photoelectron spectroscopy

The atomic composition of the synthesized NPs was character-
ized by a scanning transmission electron microscopy (STEM) sys-
tem (MAIA 3, Tescan, Czech Republic) operating at 0.1-30 kV
coupled with an EDS detector (X-act, Oxford Instruments, High
Wycombe, UK). Samples for scanning electron microscopy (SEM)
imaging were prepared by dropping 2 uL of the NPs solution onto
a cleaned silicon substrate with subsequent drying at ambient
conditions. Morphological and structural properties of synthe-
sized NPs were characterized by the high-resolution transmission
electron microscopy (HR-TEM) system (JEOL JEM 2010) operat-
ing at 200 kV with a Gatan Multiscan CCD in imaging and diffrac-
tion modes. Samples were prepared by dropping 2 uL of NPs
solution onto a carbon-coated TEM copper grid and subsequent
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Fig. 1 (a) Photographs of the process of laser ablation of the MoS; crystal (left) and the process of laser fragmentation of NPs (right) in DI water.
(b) Raman spectra of synthetically grown MoS; crystal (black curve) and NPs obtained by laser ablation and deposited on the silicon substrate (red
curve). (c) TEM image of NPs obtained after the process of fragmentation during 10 minutes in DI water. (d) Histograms of the distribution of NPs
size (g is the percentage of the total number of particles) for the solution after laser ablation, as well as for the solution after laser fragmentation
during 10 and 40 minutes (measurements were carried out using the DLS method).

drying at ambient conditions.

Surface composition and the optical band gap value of the syn-
thesized NPs were analyzed by X-ray photoelectron spectroscopy
(XPS) using a Theta Probe tool (Thermo Scientific) under high-
vacuum conditions using a monochromatic Al-Ka X-ray source
(1486.6 eV). XPS spectra were measured using fixed analyzer
transmission mode at 50 eV pass energy. The calibration was car-
ried out by the C 1s peak centered at 284.5 eV. The XPS spectra
for Mosy, Oy, and S,, were measured along with the spectra of
valence bands. The samples were prepared by dropping 1 mL of
NPs solution onto a Si substrate with subsequent drying at ambi-
ent conditions.

3  Results and discussion

3.1 Laser ablation and fragmentation in deionized water

The initial solutions of MoS, NPs were obtained using the laser
ablation process in DI water. Its structural composition was con-
firmed by the analysis of the Raman spectra of the solution and
their comparison with the reference curves6061 jn Fig. . The
analysis of the scattering peaks allows us to conclude that the
NPs obtained after the process of ablation consist mainly of the
2H-MoS, phase. The most probable particle diameter in the so-
lution obtained after the laser ablation was measured using the
DLS method and equals to D = 96 nm. At the same time, the size
of particle lies in the range from 30 to 340 nm, see Fig.[Id. The
measured results for zeta potential distribution, shown in Fig. S1
in the Supplementary Information, proves the high stability of the
obtained colloids.

Next, the obtained solution was used in the process of laser
fragmentation, which led to the formation of MoS, NPs with an

almost ideal spherical shape. In particular, the TEM image of NPs
obtained by laser fragmentation during 10 minutes of the solution
after ablation is shown in Fig.[If. In this case, the laser fragmen-
tation leads to the decrease in the most probable NP size to 66
and 58 nm for 10 and 40 minutes, respectively. At the same time,
the range of NP size is also reduced from 25 to 150 nm and from
25 to 225 nm for 10 and 40 minutes, respectively, see Fig. .
We also note the presence of peaks corresponding to MoS; mate-
rial in the Raman spectra measured after different fragmentation
times. This indicates that MoS, phase is retained in the studied
NPs.

3.2 Optical properties of NPs obtained in the solution with
DI water

Figure shows the optical absorbance spectra of the solution
after laser ablation of MoS, crystal in DI water, as well as after
laser fragmentation during 10 and 40 minutes. First, we note
that an increase in fragmentation time leads to a decrease in
the absorbance of solutions in the entire spectral range. Such a
change in absorbance intensity can be explained by a decrease in
the number of highly absorbing NPs that undergo chemical trans-
formations during laser fragmentation. In addition, after the laser
treatment, the process of decreasing the absorbance of the solu-
tion continues. This indicates that there is a medium initiating
further chemical reactions in the solution.

Second, we note a blueshift of the maximum of absorbance
curve with increasing fragmentation time. We associate this
blueshift with the spectral shift of Mie resonances owing to the
decrease in the most probable NP size of highly absorbing high
refractive index MoS, NPs, see Fig. [[d. Taking into account the
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Fig. 2 (a) Optical absorbance spectra for a solution obtained after laser ablation of a MoS, crystal in DI water (black curve, corresponds to Fig.
for D =96 nm), the solution obtained after laser fragmentation during 10 (pink and red curves, correspond to Fig. [1d for D = 66 nm), and 40 (green
and blue curves, correspond to Fig. for D =58 nm) minutes. The absorbance curves measured for the solutions at the day of preparation and
8 days after preparation upon keeping the solutions at a temperature of 6°C are indicated by ovals. The inset: solutions obtained after (from left
to right) laser ablation and subsequent fragmentation during 10 and 40 minutes. (b) Absorption cross sections and (c) scattering cross section and
contributions of the dipole moments for NP with D =96 nm calculated using the permittivity and formulas for spherical NP placed in water

and normalized to the geometric cross-section of NP § = xD? /4.

relationship between absorption and scattering processes for Mie
resonances, the change in the size of scattering NPs can even
be detected visually by the color changes of the solutions in test
tubes, see the inset in Fig. 2.

To analyze the spectral absorp-
tion/scattering cross-section of the considered NPs, we took
into account only the dipole response of the NPs assuming
that the summed scattering cross-section ogym of NP irradiated
by the plane electromagnetic wave can be represented as
Osum = ED + MD. The contributions of the corresponding dipole
terms can be represented through the components of the electric

dependence of the

pi and magnetic m; dipoles in the following form©2e3!
ED = } ED —LZ\I)-\Z (1a)
- [ 1 9
: 67mel |Eol* 5
kie
MD = Y MD; = 0"”°22| (1b)

: 6meg | Eo

where i = x,y,7; & is the relative permittivity of the surrounding
medium, Ej is the electric field of the incident wave at the dipole
localization point, ky is the wave number in a vacuum, p is the
vacuum permeability, &j is the electric constant. The correspond-
ing components of the dipole moments take the form©3

p= )7
S 15, (kr)
10i0 Jv  (kr)?

3 [ @i, )

]0 kl‘

<[r.J(r)]r— %er(r)) ar,  (2a)

where V is the volume of the scatterer, r is the radius vector of
the unit volume inside the scatterer, j; (0) = , /%Jﬁl/z (p) is the
spherical Bessel function of i-th order, k is the wave number in
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the surrounding medium. The components of the displacement
current tensor in (2)) have the form:

J(r) = —ioP(r) = —iog) (¢, — &) E(r), 3)

where o is the angular frequency of the incident field, P(r) is
the polarization vector of the unit volume, ¢, is the relative per-
mittivity of the scatterer, E(r) is the total electric field inside the
particle.

We fulfilled the numerical calculation of the absorp-
tion/scattering cross section for the single MoS, NP possessing
the most probable size obtained experimentally, see Fig. [Id. To
calculate the absorption/scattering cross sections, we assume that
NP has a spherical shape. The isotropic MoS, material (with a
disordered arrangement of MoS, layers) was considered as the
material of NP with the permittivity described as follows

Eiso = %8\\ + %SL 4)
where g (¢, ) corresponds to the permittivity along(perpendicular
to) the layers of the anisotropic MoS, material. The data for
g (g]) was taken from the Refs. 2331, We assume that the main
contribution to absorption results from NPs with the most proba-
ble size, as well as that NPs immersed in solution do not interact
with each other, i.e., the effects corresponding to single NP are
enhanced in the ensemble due to a large number of the particles.
The numerical simulation was carried out using COMSOL Multi-
physics.

Figure [2b shows the spectral dependencies of the normalized
absorption cross-section o,ps/S, where S = 7D?/4, for MoS, NP
with different diameters placed in water. It can be seen that
the NP with diameter D = 96 nm possesses a double absorption
peak in the wavelength range 400-520 nm, which is in qualita-
tive agreement with the experimental curve for the colloidal so-
lution of NPs obtained by laser ablation, see the black curve in
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Fig. 3 (a) TEM image of NPs synthesized in ethanol and (b) HR-TEM image of NPs obtained after the process of fragmentation for 10 minutes. (c)
Photographs of colloidal solutions obtained after laser fragmentation during (from left to right) 10, 20, 30, 40, 50 and 60 minutes. (d) Histograms
of the NPs size distribution for the solutions obtained after laser ablation and laser fragmentation during 10 and 30 minutes were measured by DLS
(yellow bars) and TEM (dark red bars) methods. (e) Frequency dependencies for the real Re(g) (blue and green curves) and imaginary Im(ée) (red
and cyan curves) parts of the effective permittivity of a film made of the solution of NPs, which is obtained by laser fragmentation during 10 (dashed
curves) and 60 (solid curves) minutes. (f) Raman spectra of the MoS; crystal (black curve) and NPs resulted from the laser ablation (red curve)
and subsequent fragmentation for 20 (green curve) and 60 (blue curve) minutes, as well as for MoO3; material (orange curve) taken from the RRUFF

database (ID R210024).

Fig.[2h. The decrease in the NP diameter leads to a blueshift of
the absorption peak and decrease in its intensity, see the curves
for D =66 nm and D = 58 nm in Fig. [2b. This behavior is also in
agreement with the experimentally measured dependencies for
particles obtained by laser fragmentation during 10 and 40 min-
utes in Fig. 2h.

Of course, it is difficult to directly compare the obtained numer-
ical and experimental results since NPs in the colloidal solutions
have a large size dispersion, see Fig. . Besides, the main mech-
anism for the analysis of NP size in the DLS method is the light
scattering. Therefore, the method errors may occur in the spec-
tral region of Mie resonances for NP due to a significant increase
in light scattering.

In particular, Figure 2k shows the spectral dependencies of the
scattering cross-sections for MoS, NPs with a diameter D = 96 nm
normalized to the cross-sectional area S of NP, as well as the
normalized contributions of electric ED/S and magnetic MD/S
dipoles in summed scattering cross-section ogym. It is clearly seen
that the peak of light scattering corresponds to the spectral region
of strong absorption for the black curve obtained experimentally
in Fig. [2h. We also found that the main scattering mechanism is
an electric dipole excited in the NP, see Fig. 2k.

Finally, we should note the almost complete absence of the ex-
citon peaks for the experimental curves in Fig.. Thus, the main
mechanism explaining the behavior of the spectral dependencies
in Fig. can be the excitation of Mie resonances of high re-
fractive index MoS; NPs. At the same time, there is a question:
what chemical transformations can occur with NPs leading to a

decrease in the absorbance of the solution over time, see Fig.[2h?

3.3 Laser ablation and fragmentation in ethanol

Laser ablation of MoS; crystal in ethanol and subsequent frag-
mentation of the obtained solution also leads to the formation of
spherical NPs. Figures [3h and [3b show TEM images of NPs ob-
tained by laser fragmentation during 10 minutes of the solution
after ablation. The study of HR-TEM images revealed the core-
shell structure of produced NPs. The NP core consists of disor-
dered layers of crystallites and NP shell consists of concentric ma-
terial layers, see Fig.[3p. The number of shell layers mainly varies
from 2 to 3, and the thickness of the material layers for both the
core and shell is about of 0.65 nm, see Fig. [3p, which approx-
imately coincides with the thickness of the 2H-MoS, layer.
Analysis of TEM images showed that such NPs are mainly formed
after the laser ablation and fragmentation during 10 minutes in
ethanol. Such a shell disappears for NPs obtained by fragmenta-
tion during or longer than 30 minutes.

Histograms of the size distribution of NPs synthesized in the
solutions after laser ablation and fragmentation during 10 and
30 minutes were measured using the DLS method and obtained
by the analysis of TEM images. Figure shows a comparison
of the results measured by these methods. At the same time, the
DLS method gives significantly larger values of the most probable
NP size, relative to those obtained by the analysis of TEM images,
see Fig.[Bl. In particular, the analysis of TEM images results in
the most probable NP size of about 36 nm for the solution after
laser ablation and approximately the most probable NP size for
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Fig. 4 Spatio-temporal map of the distribution of chemical substances
for the single NP from a solution visualized by EDX spectroscopy after
keeping the solutions of NPs in ethanol for 30 days at a temperature of
6°C. The analysis was carried out for the most common NPs (with sizes
close to the average NP sizes, see Fig. ) in solutions after ablation and
fragmentation of various durations.

all solutions after laser fragmentation that equals to 18 nm. At
the same time, the DLS method determines the following most
probable sizes of NPs: 370 nm, 148 nm and 103 nm for the so-
lutions obtained after laser ablation and fragmentation during 10
and 30 minutes, respectively. We again associate this with the pe-
culiarities of the DLS method, which mainly detects the strongly
scattering NPs. As in the case of fragmentation in water, the DLS
method detects large MoS, NPs, in which strong Mie resonances
are excited. However, their number decreases in the process of
fragmentation, which is clearly demonstrated by the DLS distri-
butions: an increase in the fragmentation time leads to a decrease
in the right tail of the distribution function corresponding to the
range of about 100 nm and more. At the same time, we are inter-
ested in determining the chemical composition of small NPs with
a size of about 18 nm synthesized by fragmentation.

A comprehensive analysis of the chemical composition of col-
loidal solutions of the obtained NPs was carried out using Raman
spectroscopy and energy-dispersive X-ray (EDX) spectroscopy.
The comparison of the obtained Raman spectra in Fig. [3f shows
that 2H-MoS, material is dominated in the solution after laser ab-
lation in ethanol. On the contrary, there are no peaks associated
with the 2H-MoS, material for the solution of NPs obtained after
fragmentation for 60 minutes. However, the Raman spectrum for
this solution is well agreed with the spectrum for the MoO3; mate-
rial taken from the RRUFF database (ID R210024). A slight shift
of the scattering peaks relative to the MoOj3 spectrum is probably
due to the thermal effects. At the same time, the Raman spec-
trum for the solution of NPs obtained after fragmentation during
20 minutes comprises the peaks corresponding to both 2H-MoS,
and MoO3 material, see the green curve in Fig. . Thus, the in-
crease in the fragmentation time leads to the transformation of
MoS; NPs into MoO3 NPs through the intermediate phase formed
in the range of fragmentation duration 20-60 minutes.
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Fig. 5 (a) Optical absorbance spectra for the solutions obtained by

laser ablation (black curve), laser fragmentation during 20 (red curve, the
most probable NP size D =117 nm), 40 (blue curve, the most probable
NP size D =100 nm), and 60 (magenta curve) minutes. (b) Spectral
dependences for the extinction cross-section of single core-shell MoS,
NP placed in ethanol were numerically calculated using the model —
for permittivity and normalized to the geometric cross-section of
NP S=nD?/4. The inset: schematic illustration of core-shell NP with
diameter D and shell thickness A.

Such a transformation is confirmed by the results of the EDX
spectroscopy in Fig.[4] where the map of the distribution of chem-
ical elements in the most common NPs in a solution obtained after
ablation and different fragmentation times is presented. We note
that an increase in the fragmentation time leads not only to the
decrease in NP size but also to the development of laser-induced
chemical reaction of partially substitution of sulfur atoms for oxy-
gen ones. At the same time, the final product after fragmenta-
tion times of 50 minutes or more, indeed, are small MoO3 NPs.
We also suppose that the intermediate product corresponding to
the fragmentation time of about 30 minutes is the small NPs of
MoQ;_,27Io8I66H68, see Fig, [4] Note that the considered processes
of substitution of chemical elements in NPs became possible due
to the increase in the level of free oxygen in the solution. We
suppose that its appearance is associated with the laser-induced
decomposition reactions of ethanol molecules. In general, the
presented phase transformations should strongly affect the op-
tical spectra of solutions, since the optical characteristics of the
initial material MoS,, intermediate phase MoO3_,, and final ma-
terial MoOj3 are very different.

The optical characterization of the synthesized NPs was carried
out by measuring the absorption spectra for the obtained colloidal
solutions of NPs. The measured spectra were compared with the
results of the numerical calculation of the extinction cross-section
Oext for single MoS, NP by analogous with a water solution. We
used the model of spherical core-shell NP with diameter D and
shell thickness / in numerical simulation, see the inset in Fig. .
We consider that core consists of the isotropic MoS, material, as
well as for the case of deionized water, with the permittivity de-
scribed by formula , i.e., €ore = Eso- At the same time, the
anisotropic MoS, material with a concentric arrangement of lay-
ers was used as the shell material (see Fig. ). In this case, the
permittivity of NP shell is described as follows:

_ EH if E (rs) L 5
Eshell { e, ifE(ry) || rg ' ©
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Fig. 6 Optical absorbance spectra for the solutions obtained by laser
ablation (black curve), and laser fragmentation during 20 (red curve), 40
(blue curve), and 60 (magenta curve) minutes measured (a) 8 days after
preparation, as well as (b) after degradation of the solutions of NPs.

where E(ry) is the electric field vector, r, is the radius vector of
the point inside the shell relative to the center of the spherical NP.

Figures[5]and [] show the optical absorbance spectra of the so-
lutions obtained after laser ablation of MoS, and fragmentation
during 20, 40, and 60 minutes in ethanol. The spectra were
measured at the day of preparation of the solutions (Fig. [5p)
and 8 days after preparation (Fig. [6p) upon keeping the solu-
tions at the temperature of 6°C. Additionally, we measured the
absorbance spectra for completely transparent solutions, which
were kept at room temperature for a long time. At the same time,
one can see in Fig. [5a the tendencies similar to the ablation in
water: the blueshift of Mie-induced resonance with increasing
fragmentation time and corresponding decrease in NP size. This
is confirmed by the results of numerical simulation carried out for
core-shell MoS, NPs, see Fig. . Note that for the fragmentation
times more than 40 minutes, the peak associated with the Mie
resonances for MoS, NPs almost disappears, see Figs. [Bh and [f]
Under these conditions, all initial MoS, NPs are oxidized and their
Mie resonances are shifted beyond the studied spectral range.

However, a decrease in absorbance with increasing fragmenta-
tion time is observed only in the spectral range of 450-600 nm,
while additional strong absorbance peaks appear in the range of
600-900 nm. At the same time, the color of the solutions changes
from dark brown to blue with the increase in the fragmentation
time, see Fig. [3k. Note that the detected absorbance peaks be-
came more pronounced 8 days after the preparation of the solu-
tions kept at the temperature of 6°C, see Fig. [6h.

To find out the origin of the absorption peaks, additional stud-
ies were fulfilled. In particular, thin films were fabricated by vac-
uum filtration method from the solutions obtained by laser frag-
mentation during 10 and 60 minutes, and their ellipsometry was
carried out, see Fig.[3f. Based on the spectral dependencies mea-
sured for the effective permittivity of the films, one can see that
its real part is always positive in the studied spectral range. Thus,
we can conclude that the occurrence of the triple peak in Figs.
and[Bh is not associated with the plasmonic effects.

Next, to assess the chemical composition of samples, we per-
formed XPS measurements (Fig. S1). A detailed study was ful-
filled in spectral ranges corresponding to bonds formed by Mo,
S and O atoms. No impurities were found during XPS mea-
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Fig. 7 (a) Comparison of the optical characteristics of the synthesized
NPs with the results of XPS measurements. (a) Optical absorbance
spectra for the solution obtained by laser ablation of a MoS; crystal
(black curve) and subsequent laser fragmentation during 30 (red curve)
and 50 (blue curve) minutes in ethanol, which were measured 8 days
after preparation upon keeping the solutions at a temperature of 6°C. (b)
XPS valence-band spectra for the colloidal solution obtained after laser
ablation (black curve) and laser fragmentation during 30 (red curve) and
50 (blue curve) minutes in ethanol measured 8 days after preparation
upon keeping the solutions at a temperature of 6°C.

surements. The Mo3d spectrum was decomposed into several
doublets corresponding to Mo** state in MoS, compound and
Mo®* state in MoO3; compound. In addition, the Mot state was
also registered, it can be assigned to MoS, or MoSO composi-
tion. Also, the peak at 226 eV corresponding to S2s line was
presented in the spectrum. The S2p spectra were described by
two peaks corresponding to sulfur states in MoS, and MoSO com-
pounds (163.5 V) and (SO4)2~ complex (169 €V). The calcu-
lated atomic concentration of Mo and S atoms being in different
oxidation states can be found in Table S1. It is seen that the rela-
tive concentrations of MoS,, MoS,, and MoO3; compounds in the
samples change nonmonotonically with time of fragmentation.
In particular, NPs synthesized in the solution after laser ablation
consists mainly of MoS, material with the band gap 2.3 V2,
The optical band gap was estimated by extrapolation of the linear
portion of the curves in Fig.[7p, i.e., the binding energy in inter-
section points of linear extrapolations with the zero value of the
Counts axis. After the fragmentation process for 50 minutes, the
band gap of the studied material changes to 3.2 eV which corre-
sponds to the band gap of MoO3Z%, However, this value is outside
of the considered spectral range in Fig. [7h, so it does not affect the
corresponding absorbance curve in Fig.[7h. At the same time, for
the solution of NPs obtained after 30 minutes of fragmentation
process, the band gap is already 2.8 €V. In general, the measured
value of the band gap corresponds to the suboxide MoOs3_,°7. Be-
sides, the additional peaks appear in the range of 1.4-1.9 eV on
the XPS curve in Fig. [7pb. We associate them with the appearance
of defect levels in the band gap of MoOj3_,2880 which are ac-
tively and firstly populated under the irradiation of the solution.
We assume that exactly these features correspond to the appear-
ance of absorbance peaks at 662 nm, 765 nm, and 841 nm for the
corresponding curves in Figs. [5h, [Bh and [7h. The peculiarity of
the observed peaks is that the spectral positions of their maxima
are almost independent of the fragmentation time. At the same
time, the intensity of the peaks significantly depends on the time
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Fig. 8 Temporary dependence of temperature for colloidal MoS,,
MoO3_, and MoO3z NP solutions during constant photothermal excita-
tion with a power of P=0.9 W at excitation wavelength Aexc = 830 nm.

of fragmentation/keeping of the solution. Thus, based on the
spatio-temporal map in Fig. [4 and band gap variation of NPs in
Fig.[7p, it is possible to evaluate the entire process of transforma-
tion of the initial MoS, material through the intermediate phase
MoOs5_, into the final MoO; material. Of course, to reveal all
details of such transformations, the morphology/structure varia-
tion of MoS,, MoOj3_,, and MoO3 compositions should be mon-
itored during the whole process of fragmentation. In particular,
it is convenient to determine various compositions by retrieving
the lattice spacing using TEM images. Unfortunately, despite the
high resolution of the method, this is not always possible. The
TEM method allows us to clearly determine the internal structure
of only the skin layer at the edge of large NPs when the electron
beam passes through the NP along a short chord. One such suc-
cessful image for NP, where both MoS, and MoOj3_, lattices exist,
is shown in Fig. S2.

We note that regardless of the fragmentation time, all solutions
of NPs experience a decrease in the absorbance for the entire spec-
tral range in Fig. [6p. This is apparently caused by the influence of
the medium in the solution even in the absence of laser treatment
after the fragmentation. The presence of such an environment
leads to the gradual transformation of the whole MoS, material
into MoO3 oxide. In this case, regardless of the solvent and frag-
mentation time, the obtained solutions of NPs become transpar-
ent over time with the complete transformation of the NPs mate-
rial into MoOj3 oxide. At the same time, the low refractive index
dielectric MoO3 NPs do not possess the exciton resonances and
considerable Mie resonances in the considered spectral range. Re-
markably, the solution synthesized by ablation does not become
transparent without fragmentation, i.e., the reaction medium is
not formed there.

In general, based on the performed studies, the strategy for
control and tuning of the optical absorption spectrum of synthe-
sized NPs can be proposed. At the first step, it consists in adjust-
ing the parameters of laser ablation in order to fabricate MoS,
NPs with the required size. At the same time, it is important to
choose the necessary solvent, in particular, ethanol, to enrich the
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solution with oxygen during the subsequent fragmentation pro-
cess. Next, at the second step, it is required to precisely control
the fragmentation time for the solution after ablation in order
to fix the desired proportion of oxygen during the formation of
MoOs3_, NPs in the solution. This is necessary to tune the ab-
sorption spectrum of the solution in the visible range. However,
the transformation of MoO3_, up to MoOj3 inside NPs in solution
over time is a separate problem that requires the development of
methods for the conservation of the obtained NPs for their further
use in applications.

We assessed photo heating properties of laser produced col-
loids in the near-infrared-I (NIR-I) range by controlling the tem-
perature evolution of colloids under continuous wave illumina-
tion of laser diode at the wavelength of 830 nm with a power of
P =0.9 W and the beam size of 3 mm until thermodynamic equi-
librium was reached (~16 minutes). The photothermal responses
of laser ablated MoS, and laser fragmented MoO3_, and MoOj3
NPs were compared with each other in order to estimate their
suitability for theranosticsZ172 see Fig. |8| We conclude that, for
the characteristic fragmentation times 7gg = 20 — 30 minutes, the
photothermal response of the solution significantly increases (by
2.8 times), which is associated with the formation of MoO3_, NPs
and excitation of exciton resonances in them, see Fig. [6a. A fur-
ther increase in fragmentation time leads to a slight decrease in
the photothermal response. We explain this by the fact that photo
heating properties were measured after keeping the solutions for
2 months at a temperature of 6°C, which resulted in their par-
tial transparency. In other words, during the keeping of solutions
for this period, the MoO3_, NPs experienced partial transforma-
tion into MoO3 NPs, which do not exhibit the exciton resonances
near 800 nm, see Fig. @3 As a result, the obtained MoO3_, NPs
demonstrate more bright photothermal properties compared to
MoS; NPs whose similar properties are 2 times greater than for Si
NPs conventionally used in theranostics.

Thus, theranostics can become an important practical applica-
tion of the resulting NPs, taking into account their record heat-
conducting properties. On the other hand, laser-synthesized
nanoparticles with new optical properties can be the basis for the
fabrication of electro-optical devices®®, as well as subdiffraction
lattices by laser transfer techniquesZ. Such lattices can be used
as optical metasurfaces to control the amplitude-phase®®!' and po-
larization characteristics of lightY, as well as for control of quasi-
trapped modesZ%,

4  Conclusion

We carried out a comprehensive physicochemical analysis of the
synthesized solutions and concluded that fragmentation in wa-
ter leads to the synthesis of MoS, NPs possessing optical prop-
erties well described by the Mie theory of light. Fragmentation
in ethanol during a time that is greater than the critical one ini-
tiates the development of chemical reactions with the formation
of an intermediate phase, namely, NPs consisting of MoO3_, sub-
oxides, which exhibit bright exciton resonances. We also note
that the reaction medium formed in the solution maintains the
process of transformation of MoS, into suboxides even after laser
irradiation. This leads to the complete transparency of the solu-
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tion with the formation of MoO3 NPs without any considerable
optical resonances. Thus, we revealed and visualized the chain of
morphological and chemical transformations during femtosecond
laser fragmentation of 2D MoS, material in various solvents. The
obtained MoO3_, NPs in ethanol demonstrated a record value of
photothermal response resulted from both the exhibition of the
high-refractive-index properties of the initial MoS, material and
the excitation of bright exciton resonances in suboxide NPs.

The obtained NPs of 2D materials can be used as nano-catalysts
of chemical reactions, in medical diagnostics, and for the creation
of optical coatings. The greatest potential of the obtained core-
shell NPs can be associated with their use as bright chromophores
and the creation of lasing devices based on them. At the same
time, the issues of obtaining narrowly dispersed NPs of 2D mate-
rials, control of the core and shell sizes, and conservation of their
chemical composition require additional studies.
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