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S1. TEM imaging and EDX analysis
Samples visualization was implemented by TEM with a JEOL JEM-2100 microscope. For
TEM studies, 20 pL of the solutions were drop-cast onto the carbon-coated copper TEM grids and
dried for 3040 min in ambient conditions.
Figure S1.1 shows transmission electron microscopy (TEM) images of nanoparticles (NPs)
obtained by femtosecond laser ablation of various samples placed in water.
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Fig. S1.1. Comparison of NP morphologies obtained by laser ablation in water from (a, ¢, d) crystal
and (b) pressed powder targets.




Based on TEM analysis, we can assume that the NPs, obtained by ablation from crystals, have an
amorphous or polycrystalline structure. In contrast, MoS; nanoparticles, obtained from a pressed
powder target, have a core-shell structure.

After transfer of the obtained NPs from water to N-Methyl-2-pyrrolidone (NMP) and their
subsequent ultrasonic treatment, we observe the appearance of agglomerates of spherical NPs with
various sizes, see Fig. S1.2a. In samples obtained from a pressed powder target, the appearance of
small (less than 10 nm in size) flat particles possessing a crystalline structure, i.e., quantum dots
(QDs), is observed, see Fig. S1.2b

Fig. S1.2. Comparison of MoS> NPs and QDs obtained by two-stage method of laser ablation in
water and subsequent ultrasonic treatment in NMP from the initial (a) MoS: crystal and (b) MoS:
pressed powder target.

To confirm the chemical composition of NPs obtained by two-stage “fs+US” treatment of
the initial samples, we used the energy dispersive x-ray (EDX) analysis, see Fig. S1.3.
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Fig. S1.3. The results of EDX analysis for NPs obtained by two-stage “fs+US” treatment of MoS»
samples.

In general, we can conclude that the chemical composition of the obtained NPs corresponds to the
initial material.



S2. Description of TMDC QDs photoluminescence and extinction properties
S2.1. Wavefunction of electron(hole)

Wavefunction of electron(hole) based on the k - p theory of perturbation has the following
form [1]:

D(r) = Xp Pn(Duy (1), (S2.1)
where summation is fulfilled over the degenerate states, ¢,,(r) is the slow varying envelope of
wavefunction, u, (r) is the fast-oscillating Bloch amplitude within the unit cell.

S2.2. Time-independent Schrodinger equation
We start with the time-independent Schrodinger equation in the form [1]

[— ] @(r) = Ep(r), (S2.2)
where ¢ (r) is the wave function depending on the radius vector r of carrier position with the
effective mass m* in considered band, V? is the Laplace operator, V (r) is the potential energy of
quantum well with infinite barriers, E is the total energy of the particle, # is the reduced Planck’s
constant.

S2.3. The solutions for 3D QDs
For 3D QD, see Fig. S2.1, it is convenient to choose the following potential:
0, Ir| <R,

V(r) = {oo’ TSR (S2.3a)
Fig. S2.1. Artistic illustration of spherical QD.
Then, we obtain the solutions of Schrédinger equation in the following forms
_ Jilknr)
Yun() = (225, 0,6, (52.3)
By = g2, = 2 (S2.3¢)

where R is the sphere radius; n, [, and m are principal quantum number, orbital angular momentum
quantum number, and magnetic quantum number, respectively; j;4+1)(x) is the spherical Bessel

function of the first kind and I/th((/+1)th) order; Y;,,,(0, ¢) = —elm¢’®lm(9) is the spherical

harmonic function of degree / and order m; y,,; is the nth zeros of spherical Bessel function of the

first kind and /th order (j;(xn;) = 0); r = |r| = \/x? + y2 + z? is the absolute value of radius
vector for electron (hole); 8 and ¢ are the polar and azimuthal angels, respectively. The first five
zeros of spherical Bessel function of the first kind and /th order (j;(x,;) = 0) are presented in
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Table S2.1. Here we assume that hole energy Er(l’ll) in the valence band and the electron energy

E,(lfl), in the conduction band can be written in the following form:

h n2k2
EM = eE, — bt (S2.4a)
n2kZ,,
Ensy = e + 7 i (S2.4b)

where E}, is the energy of top of the valence band of QD (eV), E is the energy of the bottom of
conduction band of QD (eV), n(n’) is the principal quantum number for hole(electron), mgéh) is

the effective mass of electron(hole) for isotropic (bulk) material, [(l") is the orbital angular
momentum quantum number for hole(electron), e is the absolute value of electron charge.

Table S2.1. The nth zero ()y,;) of spherical Bessel function of the first kind and /th order.

n=1 | n=2 n=3 n=4 | n=5
I=01]3.14]6.28 |9.42 |12.57|15.71
I=11449|7.73 |10.90|14.07 | 17.22
=2 15.7619.10 |12.32|15.51 | 18.69
[=316.99]1042|13.70 | 16.92 | 20.12
=4 1818 |11.70 | 15.04 | 18.30 | 21.53

Thus, for the interband 1S5(e)—1S5(h) transition in QD (n"' =n = 1,1’ = [ = 0) we obtain:

h2m?

— ,pbulk
EZP = eEJ%F + TR (S2.5)
where EZ"¥ = E. — Ey, and the reduced mass of carriers u”! can be calculated as follows
mlg)lmbl
pbt = Wn’%l (S2.6)
The important characteristic of QD is the so-called exciton Bohr radius determined by the
4megh®est

. 1 1 . oL . e .
expression R, = (— + —), where ¢, is the static dielectric permittivity of QD material.

e? me mp

In the case when QD radius R becomes less than R;,, the so-called strong confinement is observed
in the system assuming that quantum well possess infinite barriers and neglecting the Coulomb
interaction in the system. For the record, the values of exciton Bohr radius for various van der
Waals (vdW) materials, as well as their monolayer thicknesses (h,,;,), are presented in Table S2.2.

Table S2.2. The exciton Bohr radius (R;,) and monolayer thickness (h;,;) for four canonical

TMDCs (MoS2, WS2, MoSe., and WSe).

Material | Ry, nm | hy;;, nm
MoS> 2.89 0.62
WS» 3.94 0.62
MoSe; 3.96 0.645
WSe» 4.13 0.65

S2.4. The solution for 2D TMDC QDs
For QD with cylindrical shape, see Fig. S2.2, it is convenient to choose the following

potential:
V(r)={ 0, |p| <ppand0 <z <h,
o, |p| > py and(or) z < 0, z > h.
The solutions of equation (S2.2) for this potential have the forms:

2 ](kn ) . 1
Pum(p) = /Wﬁsm(knzz)e”@, (S2.7b)

(S2.72)
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r ("’;Z:" ) (S2.7¢)
where ky, = mn,/h, kn; = {ni/po; Po and h are the radius and height of cylindrical few-layers

e—h is the reduced effective mass. The new quantum number n,
h

Enznl

QD, respectlvely, U=

determines the energy quantlzation along the z-axis. The parameter J;(;.+1(x) is the Bessel function
of the first kind and /th((/+1)th) order, {,,; is the nth root of first kind Bessel function J; of /th order

(J1(C) = 0); p = |p| = \/x? + y? is the radial distance, i.e., absolute value of radius vector along
plane parallel to the cylinder base; 8 is the angle between vector p and x-axis; z is the coordinate

along z-axis, |r| = \/p? + z2. The first five zeros of Bessel function of the first kind and /th order
(J;(¢n) = 0) are presented in Table S2.3.

Table S2.3. The nth zero ({,;) of Bessel function.

n=1 |n=2 |n=3 |n=4 |n=5
02.40]552]8.65 |[11.79]14.93
1[3.83]7.02]10.17 | 13.32 | 16.47

=2 |5.14 1842 | 11.62 | 14.80 | 17.96
316.3819.76 1 13.02 | 16.22 | 19.41

For the layered material of QD, when layers are arranged in the base plane of cylinder (see
Fig. S2.2), we assume that total energy with respect to the bulk bandgap can be decoupled as
follows:
hzknz hzk%l

Enznl E + Enl - 2ut 2'“” B (828)
1 1
PO l(n) + Ok (S2.9)

where putM is the reduced effective mass and ml(")( l(")) is the effective masses of

electron(hole) across (L) and along (|I) layers.
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Fig. S2.2. Cylindrical QD made of layered material. Layers are oriented along base of the cylinder.

By analogue with the derivation of formula (S2.5), we suppose that hole energy E,(:ll) in the valence
band and the electron energy E,g, l), in the conduction band can be written in the following form:

h k3, h2KZ,

EM = e, — o (S2.10a)
h kn; ﬁzk%l!

Ex) = eEc+— o+ (S2.10b)

where Ey, is the energy of top of the valence band of QD (eV), E¢ is the energy of the bottom of
conduction band of QD (eV), n(n') is the principal quantum number for hole(electron), [(l") is the
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orbital angular momentum quantum number for hole(electron), n,(n;) are the principal quantum
numbers along the z-axis for initial(final) state, e is the absolute value of electron charge.
Thus, the energy of bandgap transition in QD (EZ”) can be written as follows

n2k?2 27,2 2p2 2
EZD _ E(e) _ E(h) — eEbulk + ny + h kn, h kn’l' hzknl
g = - 9 2my
h

(S2.11)

nrlr nl 2mt Zmyl 2ml

For 1S(e)=1S(h) transition in QD with quantum numbers n, =n, =1,n'=n=1,1' =
[ = 0, the transition energy, which is QD bandgap energy, is equal to
EZD _ Ebulk h2m? h22.42
g = € g + 2utn? 2[1”,0(2),
1 1 1
Ll ~ I + i
e

(S2.12)

where

S2.5. Simulation of dependences of photoluminescence wavelength on QD size and

morphology
The wavelength of 15(e)—1S5(4) transition in 2D and 3D QDs can be written as follows
g =2t 219
Eg

where c is the speed of light in vacuum and i = {2,3}. Figure S2.3 shows the size dependences of
photoluminescence wavelengths for QDs with various morphology calculated using expressions
(S2.13), (S2.12), and (S2.5). We assume that 2D QDs are monolayer QDs and use data from
Tables S2.2 and S2.4.
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Fig. S2.3. Size dependence of monolayer 2D round-shaped QDs (solid lines) and bulk 3D QDs
(dashed lines) for various vdW materials; Dop = 2R = 2p,.

S2.6. Dependence of photoluminescence wavelength on QD thickness

At this stage, we consider only thickness dependence of large area flakes of layered

materials, i.e.,
h?m?

EgML = €E5ulk + ZMThZ’ (8214)
where h = Nhyy, N is the number of layers and hy,;, is the thickness of monolayer, EZ*!¥ is the
indirect bulk bandgap. Although, expression (S2.14) quite good describes the experimental data
for few-layer flakes of WS> material, except monolayer, [2], when Eé’“”‘ and ut are taken for the
bulk, this expression does not fit the value of monolayer bandgap [2]. Probably, this is associated

with the reduced mass ut that can significantly differ for the monolayer. Therefore, we will use



this parameter u' as fitting parameter in order to obtain the known (calculated or experimental)

value Ej'" for monolayer.

Figure S2.4 shows the dependence of parameter Ej'"*

on the number of layers for the known
vdW materials. It can be seen that EY™" value approaching to the EZ*!¥ value upon increasing the
layer number and EJM" = E}'" for monolayer with N=1, which is taken from Refs. [3, 4].

Figure S2.3 shows the dependences of interband transition wavelength for monolayer 2D QDs and
bulk 3D QDs made of the same materials as in Fig. S2.4. In this case, the diameter of 3D QDs and
2D QDs are equal to each other, i.e., Dyp = 2R = 2py.
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Fig. S2.4. Thickness dependence of infinite flake bandgap for various dvW materials calculated
according to the formula (S2.14).

S2.7. Dipole moment of the transitions in vdW QDs
The matrix element of dipole moment for interband transition [5] can be written in the
following form:

nln f (pnznlerwnlznrlr(r)dv (S2.15)
where r = [r| is the distance from coordinate system origin to the electron; @;, and @fp
correspond to the initial ¢;,_»; (1) (Y1, (1)) and final @y, 1, (1) (Pr00m, (1)) states of the electron
in 2D (3D) QD. Here, the integration is performed only over the volume 7 of QD, since we assume
that there are no charge carriers outside of it.
Another energy characteristic of the interband transition is the so-called transition rate [6]:

Wam = ZRAO |dnin|?8(En, — En — ha). (S2.16)
In the case of semlconductor QD and direct transition, we obtain:
2mA2 1 (2 1/2
Wnln == |dn1n|2 ( H) (h - g) (82.17)

where Ej is the bandgap of the considered 2D or 3D QDs, w is the angular frequency of incident
light, 1 equals to the reduced mass along monolayer for 2D QDs (") and bulk reduced mass for
3D QDs (uPY). The characteristic dependences of transition rate Wi for 15(e)—1S(h) transition in
QDs on the photon energy E,;, = hw and QD size for QDs with various morphology and made of
various materials are presented in Fig. S2.5.
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Fig. S2.5. (a) Spectral and (b) size dependences of transition rate W11 for monolayer 2D vdW QDs
(solid curves) and 3D vdW QDs (dashed curves) with (a) fixed diameter
Dgp = 2R = 2py = 6 nm of vdW QDs and (b) different incident photon energy hw = 1.1E, D,

where E;}D depends on the radius p, of 2D or R of 3D vdW QDs.



Table S2.4. Database of geometric, electronic, and optical characteristics of various TMDC:s.

MOSz WSz MOSEz WSez
Parameter
bulk, 2H | monolayer | bulk,2H | monolayer bulk, 2H monolayer bulk, 2H monolayer
Electron
effective mass, 0.47 [4] 0.40 [7] 0.832 [8] 0.33 9] 0.35110] 0.43 [7] 0.34 [10] 0.3519]
my
Hole effective
0.43 [4] 0.48 [7] 0.569 [8] 0.43 [9] 0.63 [10] 0.50 [7] 0.54 [10] 0.46 [9]
mass, mg
Bandgap, eV 1.29 [4] 1.78 [3] 1.35[3] 2.05[3] 1.1[3] 1.58 [3] 1.2 [3] 1.61 [3]
Lattice
paramgter (a), | 3.19[11] 3.13 3] 3.18 [11] 3.14 [3] 3.32[11] 3.2913] 3.32[11] 3.311[3]
Lattice
paramgter (b), | 3.19[11] 3.18[11] 3.32[11] 3.32[11]
Lattice 12.98
paramzter (c), | 13.18[11] [1'1] 13.54 [11] 13.74 [11]
In-plane lattice 0.27 0.28 [15-
spacing (100), | 0.27[12] 0.27[12] (100) 0.27 [14] 0.28 [15-17] ' 17] 0.28 [18] 0.28 [18]
nm [13]
Interplanar
distance (002), | 0.62[19] 0.62 [13] 0.645 [15] 0.65 20, 21]
nm
Static 12 [22, 23] 14 [24-27] 17.4 [27] 15.6 [27]
permittivity ’ ' )




S2.8. The spontaneous emission rate

The spontaneous radiative life time t for the emitter in dielectric matrix can be written in the
following form [28]

1 nrwim | 312

T d|, (S2.18)
where n, is the refractive index of environment, wy,, is the transition frequency, d is the k-point
averaged transition dipole moment, &, is the vacuum permittivity, ¢ is the speed of light. We
consider only single k point transition dipole moment, i.e., d = dy,,.
In our case, we consider only one k-point (k=0) and n,, = 1, therefore, the spontaneous emission
rate for the can be written as follows

1 w3n

T = Segnnes [dnml” (S2.19)
Figure S2.6 show the comparison of spontaneous emission rates for 2D QDs and bulk 3D QDs
synthesized from various vdW materials.

MoS,
— WS,
MoSe,
— WSe,

——2D QDs
— — 3D QDs

Fig. S2.6. Size dependence of spontaneous emission rate calculated using formula (S2.19) for 2D
QDs (solid curves) and 3D QDs (dashed curves).

S3. Numerical processing of photoluminescence spectra

The results of fitting the experimental curves from Figs. 4 and 5 using the expressions (S2.6)
2.2
and (S2.14) (taking into account that Eg’”“ = eEé’u”‘ + ;;Tnhz’ is the band gap of infinite monolayer)
are presented in Table S3.1.
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Table S3.1. Dependences of the central photoluminescence wavelengths Ap; and corresponding

calculated QD diameters Dy, = 2R = 2p, on the pump wavelength Ay,

2 MoSz 2D QD | WS:2D QD | MoSez 3D QD | WSez 3D QD
t | 4pLs | Dops | 4pi, | Dops | Aprs | Dop, | 4py, | Dop,
nm nm nm nm nm nm nm nm

300 356 1.54 | 361 1.84 373 1.73 373 1.84
320 395 1.72 393 | 2.06 387 1.78 388 1.90
340 401 1.75 | 403 | 2.14 398 1.82 402 1.95
360 471 2.17 459 | 2.69 457 2.03 427 2.05
380 488 2.30 | 475 | 2.90 481 2.12 469 2.23
400 498 238 | 477 | 2.93 495 2.18 495 2.35

Deconvolution of the PL spectra under excitation by pump wavelength 340 nm, see
Figs. 4c, 4d, 5c, and 5d, was carried out based on the expression (2), i.e., Lorentz distribution
function for the intensity. The central wavelength (4,) and full width at half maximum in the
wavelength scale (FWHM,), as well as in the frequency scale (FWHM,,) calculated as follows

2TC 2TC
FWHM,, = -
V' 1o-FWHM,;/2 21,+FWHM,/2

deconvolution of PL spectra for various QDs are presented in Tables S3.2 and S3.3, where c is the
speed of light in vacuum.

, of the Lorentz distribution function corresponding to the

Table S3.2. The parameters 1,, FWHM,, and FWHM,, corresponding to the deconvolution peaks

for PL spectra of MoSez and WSe> QDs under excitation by pump wavelength 340 nm.

Peak MoSe2 WSe2
Ao, nm | FWHM,;, nm | FWHM,,, s | 4, nm | FWHM,;, nm | FWHM,, s™!
1 398.0 59.3 7.10-10%* 402.0 64.1 7.52-10%
2 452.6 177.4 1.70-10%> | 4588 180.7 1.68 - 10%°

Table S3.3. The parameters 4o, FWHM,, and FWHM,, corresponding to the deconvolution peaks

for PL spectra of MoS; and WS, QDs under excitation by pump wavelength 340 nm.

MoS: WS2
Peak
Ag,nm | FWHM,, nm | FWHM,, s | 4p, nm | FWHM,;, nm | FWHM,, s!
1 401 59.2 6.98 - 10 403.0 73.2 8.57 10"
2 442.7 76.2 7.38- 10" 456.6 85.6 7.81- 10
3 497.0 135.8 1.06 - 10> 511.4 134.1 9.83-10"

S4. Raman spectroscopy

Raman spectra were acquired with a Horiba LabRAM HR Evolution (HORIBA Ltd., Kyoto,
Japan) confocal Raman microscope. For Raman studies, we drop-cast 20 pL of the colloidal
solution of the NPs on the gold-coated Si substrates and dried them under ambient condition for
30-60 minutes. The excitation wavelength was 532 nm. Soptop LMPPlan 100%/0.8 infinity-
corrected plan achromatic objective was used, spot size was ~1.8 pm?. We set 600 lines/mm
diffraction grating, OD1.43 optical density filter and 5x10s acquisition time. At least five spectra
were acquired from each analyzed area, and their variation was slight. In particular, the spectral
lines in Figs.2c, 2d, 3¢, and 3d correspond to the following: MoS> shows E%g and A4, lines at 383
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and 409 cm™, respectively [29]. WS lines are located at 351 cm™ (unresolved 2LA(M) and E3,)
and 420 cm™! (A1g) [30-32]. For MoSe:, we observe Eq¢ line at 171 cm ! and Aqg at244 cm ™! [33].

WSe: spectra demonstrate A;; mode at 180 cm ' and unresolved contribution of E%g and Eqq
modes at 256 cm ™! [21, 34].

S5. IR spectroscopy of solutions of vdW QDs

To determine the presence of functional groups on the QD surface, the additional infrared
spectroscopic (IR) measurements were carried out. Fourier transform infrared (FTIR) spectra were
recorded on a Shimadzu IR Affinity-1S spectrometer using a Quest single-reflection attenuated
total reflection (ATR) accessory (Specac), KRS-5 prism.
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1112 1504
12971401 /1681

1000 1500 2000
Wavenumber (cm™)

Fig. S5.1. FTIR spectra of NMP (blue curve) and MoS, QDs in NMP (orange curve). The inset
shows the spectral range 2600-3200 cm ! related to the C-H stretching vibrations. Band positions
are indicated by numbers.

Figure S5.1 shows the attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectrum from NMP, utilized as a medium for the fragmentation, and typical spectrum from the
colloidal solution of QDs in NMP (MoS> QDs). Vertical offset is applied to distinguish the curves.
They demonstrate well-resolved strong absorbance bands at 1681 cm™! (C=O stretching), 1400-
1500 cm™! (C-H rocking/bending/scissoring), 1297 cm™! (C-N stretching), 1112 cm™! (H-C-H
twisting), 985 cm™' (-CH3 in-plane-bending), 851 cm™' (H-C-H wagging) [35]. Both spectra
correspond to the well-known vibrational signature of pristine NMP [36]. Since ATR-FTIR
spectroscopy is highly sensitive to the nanoparticle functionalization [37, 38], the similarity of
spectra confirms the absence of ligands on QDs. This finding emphasizes a key advantage of
femtosecond laser fragmentation in liquids: the ability to produce ligand-free QDs [39, 40].
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S6. Absorption measurements in QD ensemble

To characterize the overall optical properties of the synthesized ensembles, optical extinction

spectra were measured, see Fig. S6.1.

2,5

30 water init

water div 2
water div 3
water div 4

—— water
0 S2 transfer to NMP

2,04 2,54

=
&
111

1,54

1,04

Optical Density (a.u.)
Optical Density (a.u.)

0,54

0.0 T

0.0

Wavelength (nm) Wavelength (nm)

Fig. S6.1. Extinction spectra for various vdW materials after ablation in water (with varying
degrees of dilution) and after transfer to NMP.

The spectra clearly show exciton features that we characterized for the WS> material.
However, due to the wide-size dispersion and the presence of large NPs in the ensembles
(Figs. 2 and 3), the extinction spectra are mainly dominated by scattering and bulk-like
absorption from the larger particles, which obscures the subtle absorption features
corresponding to the quantum-confined fraction (QDs). Consequently, photoluminescence
(PL) spectroscopy serves as a more sensitive and selective tool for investigating the quantum
confinement effects and the properties of the emissive QD fraction.

S7. Comparative analysis of synthesis efficiency, morphology, and PL intensity

While the two-stage fs+US treatment is applicable to all four TMDCs, the
practicalities of synthesis and the resulting efficiencies vary considerably. The most
significant distinction in the outcomes stems from the initial target morphology. The use of
pressed powder targets for MoS. and WS: facilitates the formation of core-shell
nanoparticles during ablation, which are subsequently exfoliated into planar 2D QDs during
ultrasonication (Fig. 2). Conversely, ablation of MoSe. and WSe: crystals yields 3D
polycrystalline or spherical NPs (Fig. 3). Furthermore, the efficiency of fragmentation
varies; MoSe: demonstrates significant resistance to size reduction, resulting in the largest
average particle size (29.7 nm). This morphological difference (2D vs. 3D) fundamentally
determines the luminescence yield. The 2D Sulfide QDs exhibit photoluminescence across
various sizes due to their few-layer nature. In contrast, the 3D Selenide QDs must be smaller
than 4-5 atomic layers to overcome the bulk indirect bandgap. This is reflected in the PL
intensities (Figs. 4 and 5), where WS2 shows the highest emission (Normalized PL ~13 a.u.),
significantly outperforming MoS: (~6.5 a.u.) and the Selenides (~5 a.u.). Thus, the synthesis
pathway utilizing powder targets for 2D QD fabrication, particularly for WS, is identified
as the most efficient route for producing bright photoluminescent ensembles using this
method.

T T T T T T T
400 500 600 700 800 900 1000 400 500 600 700 800 Q00 1000
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