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Abstract: Ultrapure composite nanostructures combining semiconductor and metallic elements as
a result of ultrafast laser processing are important materials for applications in fields where high
chemical purity is a crucial point. Such nanocrystals have already demonstrated prospects in plas-
monic biosensing by detecting different analytes like dyes and bacteria. However, the structure of
the nanocomposites, as well as the control of their properties, are still very challenging due to the
significant lack of research in this area. In this paper, the synthesis of silicon–gold nanoparticles
was performed using various approaches such as the direct ablation of (i) a gold target immersed
in a colloidal solution of silicon nanoparticles and (ii) a silicon wafer immersed in a colloidal solu-
tion of plasmonic nanoparticles. The formed nanostructures combine both plasmonic (gold) and
paramagnetic (silicon) modalities observed by absorbance and electron paramagnetic resonance
spectroscopies, respectively. A significant narrowing of the size distributions of both types of two-
element nanocrystals as compared to single-element ones is shown to be independent of the laser
fluence. The impact of the laser ablation time on the chemical stability and the concentration of
nanoparticles influencing their both optical properties and electrical conductivity was studied. The
obtained results are important from a fundamental point of view for a better understanding of the
laser-assisted synthesis of semiconductor–metallic nanocomposites and control of their properties for
further applications.

Keywords: silicon nanoparticles; gold nanoparticles; composite nanoparticles; nanocomposites; laser
ablation; pulsed laser ablation in liquids; plasmonic nanomaterials; multi-modal nanoparticles

1. Introduction

The fast development of the nanotechnology field over the last decades reveals new
properties and applications of semiconductor and metallic nanomaterials in comparison with
their bulk counterparts. In particular, new unique features (e.g., effective visible photolumi-
nescence) were found in nanostructured silicon (nano-Si), considerably widening applications
of silicon in photovoltaics [1–3], nanothermometry [4–6], or nanoscale electronic devices [7,8].
However, their most promising applications are related to the actively developing field of life
science. Indeed, silicon nanostructures demonstrated their high efficiency in singlet oxygen
generation [9–11], optical bioimaging [12,13], drug delivery [14,15] and cancer theranos-
tics [16,17]. At the same time, plasmonic nanostructures show their efficiency not only in
photocatalysis and clean energy but also in biosensing and therapeutic applications [18–20].
Moreover, recent advances in biomedical applications were also demonstrated using mag-
netic nanostructures [21–23].

Thus, several types of nanostructures are required for solving different tasks in the
field of biomedicine such as drug delivery and the localization of malignant tumours, as
well as diagnostic and therapeutic actions for them. It can provoke additional issues after
administration of nanoparticles in living organisms, in particular, agglomeration of nano-
materials or toxicity effects. In order to avoid this, composite multi-functional nanoparticles
(NPs) composed of different elements can serve as a new type of multi-modal nanoplatform
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for biological applications [24–27]. However, their complex synthesis and toxicity effects
due to the use of chemical precursors significantly restrict their bioapplications. In order
to overcome the above-mentioned issues, an environmentally friendly “green” synthesis
method based on ultrafast laser irradiation is widely used for the formation of single-
element or bi-metallic nanostructures [28–33]. Recently, the possibility of manufacturing
nanostructures by combining semiconductor and metallic elements in one nanoparticle
was demonstrated [34–38]. Nevertheless, this field of laser–matter interaction, which is
promising for biomedical applications, is still under development, providing the novelty
of the research. It requires a deeper understanding of the processes that occur during
the interaction between various elements and that will definitely depend on numerous
experimental conditions.

In this work, colloidal solutions of chemically pure composite nanomaterials were
synthesized by pulsed laser ablation in liquids (PLALs) using single-element nanoparticles
(e.g., Si, Au). The formed nanocomposites combined modalities of Si (paramagnetic
defects) and Au (plasmonic features) showing narrow size distributions as compared to
starting nanocrystals. Their size dispersions also revealed fluence-independent behaviour
contrary to single-element nanoparticles. The laser ablation time-dependent concentration
of colloidal solutions as well as their chemical stability was examined. Further perspectives
of laser-synthesized multi-element nanoparticles for nanomedicine applications as carriers
for drug delivery as well as a radionuclide (RN) containing diagnostic and therapeutic
nanotools were proposed. These results will help in understanding the design of multi-
component nanostructures using pulsed laser ablation and facilitate their synthesis for
required applications.

2. Materials and Methods

To form single-component nanoparticles such as silicon (Si NPs) and gold (Au NPs),
a method of direct pulsed laser ablation of a solid target immersed in deionized water
was employed (Figure 1). The laser treatment was carried out using a picosecond laser
(~6 ps pulse duration) at 1030 nm wavelength with a 10,000 Hz repetition rate. The laser
beam was focused by a galvoscanner with a focal distance of 162 mm and moved at the
10 × 10 mm2 area with a velocity of 2 m/s. The liquid thickness was 3 mm, and the
spot size was experimentally estimated as ~50 µm. The laser fluence was controlled by
a λ/2 plate and was fixed at a 100 µJ/pulse value. In order to estimate the concentration
of the prepared nanoparticles, the mass of the targets was measured before and after
the laser treatment. Afterwards, multi-component nanostructures were formed via the
same procedure using the previously obtained colloidal solutions (0.1 g/L concentration)
prepared at 300 s laser ablation time. So, Si/Au NPs (Au/Si NPs) were prepared via the
laser ablation of a gold (silicon) target immersed in Si NPs (Au NPs) colloidal solutions
using the same experimental conditions (Figure 1). For some experiments, either laser
fluence or ablation time were changed.

To estimate the size distribution of synthesized single- and multi-component NPs, a
high-resolution transmission electron microscope (HR-TEM) was used. For this purpose, a
small amount (5 µL) of freshly prepared NPs was dropped on a carbon-coated copper grid.
The corresponding size distributions were calculated via the ImageJ software using more
than 500 particles.

To find out the difference between the properties of single- and multi-component
nanoparticles, several methods were used. Firstly, their absorbance was analysed (a cuvette
with deionized water was used as a reference) using a Shimadzu UV-2600 spectrophotome-
ter (Shimadzu Corporation, Kyoto, Japan) equipped with an integrating sphere (2 mm
slit width and 2 s accumulation time). The Raman responses were investigated using a
Horiba micro-Raman system equipped with a highly sensitive CCD camera and a laser
with 532 nm wavelength (10 mW power and 2 s acquisition time). Paramagnetic defect
states were examined with the help of a laboratory-built electron paramagnetic resonance
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(EPR) spectrometer (~9.8 GHz, 5 G modulation amplitude, 100 kHz modulation frequency,
20 dB microwave power attenuation, and ~1010 spin/g sensitivity) [34,39].
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Figure 1. Laser ablation in liquids synthesis of single- and multi-component nanoparticles.

3. Results and Discussion

To reveal changes in the optical properties of single- and multi-component nanoparti-
cles during the synthesis, they were investigated using UV–Vis spectroscopy at different
experimental conditions (Figure 2). Firstly, absorption coefficient spectra of Si NPs and
Au NPs were analysed for a set of nanostructures prepared at different ablation times
(30–600 s). These results provide an idea of how the absorbance is changed during continu-
ous laser treatment, allowing the control of the plasmonic performance of nanocomposites.
In all cases, one can state the increase in optical losses of nanostructures formed at a larger
laser irradiation time can be associated with a higher nanoparticle concentration in this
case. Indeed, as it is known, the concentration of a solution is directly connected with its
absorbance following the relationship:

A = ε·c·l (1)

Here, A is the solution absorbance, ε [M−1·cm−1] is its molar absorption coefficient, c
[M] is its molar concentration, and l [cm] is an optical path length. Moreover, as it clearly
follows in Figure 3, a larger ablation time provoked a higher concentration of single-element
nanoparticles. Thus, evidently, the increase in the nanoparticle absorption is caused by
their higher concentration in colloidal solutions. However, it is worth noticing that some
changes in optical losses can also be associated with a modification of the size or chemical
content of nanoparticles that occurred during prolonged laser treatment. Indeed, different
processes can take place under laser irradiation, strongly depending on the molecular
ambient of nanostructures. In particular, laser-induced fragmentation or agglomeration as
well as a change in the oxidation state can occur in colloids influenced by properties of a
liquid medium or its surroundings and will be studied in detail separately.
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Figure 2. Absorption coefficient spectra of single- and multi-component nanoparticles: (a) Si NPs,
(b) Au NPs, (c) Si/Au NPs, and (d) Au/Si NPs.

Crystals 2023, 13, x FOR PEER REVIEW 4 of 14 
 

 

follows in Figure 3, a larger ablation time provoked a higher concentration of single-ele-
ment nanoparticles. Thus, evidently, the increase in the nanoparticle absorption is caused 
by their higher concentration in colloidal solutions. However, it is worth noticing that 
some changes in optical losses can also be associated with a modification of the size or 
chemical content of nanoparticles that occurred during prolonged laser treatment. Indeed, 
different processes can take place under laser irradiation, strongly depending on the mo-
lecular ambient of nanostructures. In particular, laser-induced fragmentation or agglom-
eration as well as a change in the oxidation state can occur in colloids influenced by prop-
erties of a liquid medium or its surroundings and will be studied in detail separately. 

  

  
Figure 2. Absorption coefficient spectra of single- and multi-component nanoparticles: (a) Si NPs, 
(b) Au NPs, (c) Si/Au NPs, and (d) Au/Si NPs. 

  
Figure 3. Ablation time dependences of (a) mass concentration and (b) ablation speed for single- 
and multi-component nanoparticles. 

1.5 2.0 2.5 3.0 3.5 4.0 4.5
0

1

2

3

4
Ab

so
rp

tio
n 

C
oe

ffi
ci

en
t (

cm
−1

)

Energy (eV)

Si NPs a 030 s
 060 s
 090 s
 120 s
 150 s
 180 s
 300 s
 420 s
 600 s

1.5 2.0 2.5 3.0 3.5 4.0
0.0

0.5

1.0

1.5

Ab
so

rp
tio

n 
C

oe
ffi

ci
en

t (
cm

−1
)

Energy (eV)

 030 s
 060 s
 090 s
 120 s
 150 s
 180 s
 300 s
 420 s
 600 s

Au NPs b

1.5 2.0 2.5 3.0 3.5 4.0
0

2

4

6

8

10

12

Ab
so

rp
tio

n 
C

oe
ffi

ci
en

t (
cm

−1
)

Energy (eV)

Si/Au NPs c 030 s
 060 s
 090 s
 120 s
 150 s
 180 s
 300 s
 420 s
 600 s

2.0 2.5 3.0 3.5 4.0
0.0

0.5

1.0

1.5

2.0

Ab
so

rp
tio

n 
C

oe
ffi

ci
en

t (
cm

−1
)

Energy (eV)

 030 s
 060 s
 090 s
 120 s
 150 s
 180 s
 300 s
 420 s
 600 s

Au/Si NPs d

 

0.5 1 1.5 2 2.5 3 5 7 10
0

100

200

300

400

C
on

ce
nt

ra
tio

n 
(μ

g/
m

L)

Ablation time (min)

 Si NPs
 Au NPs
 Si/Au NPs
 Au/Si NPs

a

0.5 1 1.5 2 2.5 3 5 7 10
0

5

10

15

20

Ab
la

tio
n 

sp
ee

d 
(μ

g/
s)

Ablation time (min)

 Si NPs
 Au NPs
 Si/Au NPs
 Au/Si NPs

b

Figure 3. Ablation time dependences of (a) mass concentration and (b) ablation speed for single- and
multi-component nanoparticles.

The formation of both Si/Au and Au/Si multi-component nanocomposites was agc-
companied by a transformation of their absorbance spectra. In the first case, it was observed
that the appearance of a plasmonic maximum at around 2.38 eV (521 nm) became stronger
with the increase in the laser ablation time (Figure 2c). These modifications are associated
with the increase in the gold content in nanocomposites provoked by prolonged laser abla-
tion. A larger absorption coefficient of Si/Au NPs as compared to Au NPs is associated with
a higher amount of plasmonic absorption centres. Indeed, laser ablation of the gold target
in deionised water leads to the formation of pure Au NPs of large sizes. At the same time, in
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the case of laser ablation in the presence of Si NPs, the latter can prevent the aggregation of
gold nanoclusters from each other. Here, gold nanoclusters interact with laser-fragmented
Si NPs creating a larger amount of composite nanostructures instead of forming of a smaller
amount of larger Au NPs. Thus, the presence of Si NPs in deionized water can result in a
larger number of Si/Au NPs with plasmonic properties in comparison with Au NPs. In
the case of Au/Si nanocomposites formed from bare plasmonic nanoparticles, one can
mention moderate changes in the efficiency of the plasmonic absorbance (Figure 2d). Here,
laser ablation led to an increase in the silicon amount in the nanostructures that does not
strongly affect plasmonic properties. Some increase in the absorbance intensity can be
associated with the laser-induced fragmentation of nanoparticles decreasing their size [40].
It changes the amount of plasmonic nanoparticles in a solution providing a contribution
to the optical spectra while their mass remains the same. However, in the case of Si/Au
NPs, the mass of gold considerably increases with the laser ablation time. Moreover, this
mass can be redistributed in a large amount of gold nanostructures due to the interaction
with Si NPs as it was described above. Thus, the amount of plasmonic centres strongly
increases with the ablation time in the case of Si/Au NPs, and one can easily control the
efficiency of plasmonic properties of nanocomposites taking into account an approach used
for the synthesis.

To define the number of nanostructures in colloidal solutions, their concentration and
ablation speed were estimated using a gravimetric method. The mass concentration of both
single- and bi-component nanoparticles showed a permanent increase with the ablation
time (Figure 3a). These values were estimated as a mass difference of a corresponding target
before and after laser ablation at a certain time. For composite nanoparticles, the mass
difference indicated in Figure 3 was obtained at the second step (Au for Si/Au NPs and Si
for Au/Si NPs), which is shown in Figure 3a. One can see that the mass concentration of
pure Au NPs is larger than that of Si NPs, which can be associated with a higher density
of gold (19.32 g/cm3) as compared to that of silicon (2.33 g/cm3). However, the relative
difference of the concentrations is less than the ratio between their density values because of
the possible following reasons. Firstly, density values are assigned for bulk materials while
they can considerably differ for nanostructures formed at different synthesis conditions.
Secondly, the laser-assisted synthesis in the aqueous medium can also change the chemical
composition of nanostructures due to the oxidation process. Thirdly, silicon and gold
nanostructures also possess different sizes of nanoparticles, in particular, showing a bi-
modal size distribution in the case of plasmonic ones [28,41]. Regarding the synthesis of
composite nanocrystals (both Si/Au and Au/Si NPs), the experimental conditions changed.
In these cases, the liquid contains NPs, which affect the concentration of nanocomposites
due to the change in the optical properties of the system. These nanoparticles decrease
the effective laser energy deposited on the surfaces due to their absorbance and scattering,
resulting in a lower concentration of nanocomposites as compared to single-component
ones (Si/Au NPs vs. Au NPs and Au/Si NPs vs. Si NPs). These differences in the
concentration of NPs were also reflected in a corresponding ablation speed (Figure 3b). In
all cases, the ablation speed had a tendency to decrease with the increasing duration of
laser ablation (Figure 3b). It can be a consequence of considerable changes in the physico-
chemical properties of colloidal solutions during the ultrafast laser treatment. In particular,
it will result in higher optical losses (Figure 2) due to the increase in the concentration of
NPs at a longer laser ablation time (Figure 3a). Hence, it can certainly provoke a strong
decrease in the effective laser energy reaching the surface of the ablated targets. These
experimental data can help with estimating the concentration of laser-synthesized single-
element and composite nanoparticles and to find out appropriate experimental conditions
for the synthesis.

To confirm the merging of various chemical elements due to the ultrafast laser treat-
ment, energy-dispersive X-ray analysis was performed on both Si/Au and Au/Si NPs
formed at 600 s laser ablation with mean size ~9 nm (Figure 4). For this purpose, a single
composite nanoparticle isolated from other ones was investigated by TEM coupled with
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an EDX spectrometer. One can see several maxima located at different energy positions
associated with various transitions in different atoms. Copper peaks at around 1 keV, 8 keV,
and 9 keV originated from used copper TEM grids (Figure 4). Other EDX responses corre-
sponded to silicon (~1.7 eV) and gold (~2.1 eV and ~9.7 eV) in laser-synthesized composite
nanoparticles. In the case of Si/Au NPs, the chemical content was estimated as follows: 64%
of gold atoms and 36 % of silicon ones, while it was lower for Au/Si NPs at 51% of silicon
and 49% of gold. Figure 4c depicts a phase diagram of Au-Si indicating the separation
between liquid and solid phases of gold and silicon with the following melting points:
1064 ◦C (gold) and 1414 ◦C (silicon) [42]. A corresponding eutectic point is located at 363 ◦C
for the Au-Si alloy with 19% silicon atoms, while Si/Au and Au/Si nanocomposites studied
in this work have higher temperatures (Figure 4c). Such a discrepancy might occur due to
a difference in the process of the formation of composite nanostructures. Indeed, in the first
case, Si NPs were prepared in water during the first step of laser synthesis. However, Au/Si
NPs were formed during the second step by ablating a silicon target immersed in water
with the presence of Au NPs. Plasmonic nanoparticles influenced the conditions of the
irradiation of a silicon wafer because of the shielding effects created by Au nanostructures.
As a result, a lower amount of energy was deposited on the silicon’s surface, leading to
a lower amount of ablated silicon nanoclusters. More detailed studies of both types of
composite nanoparticles formed at different ablation times will be investigated additionally
via EDX, XPS, and XRD techniques in order to establish the nanoparticles’ structure at
different irradiation times. Thus, the aforementioned two-step laser treatment allows us to
produce composite nanoparticles starting from colloidal solutions of bare semiconductor
or plasmonic nanostructures.

To estimate the size distributions of nanoparticles, a transmission electron microscopy
study was carried out and the obtained images were treated. It was found that all nanopar-
ticles possessed a round shape with a significant difference in sizes between single- and
multi-component nanostructures (Figure 5). Indeed, pure Si NPs and Au NPs revealed
broad size dispersions of nanoparticles (FWHM > 20 nm) that were fitted using a Gaussian
function (Figure 6). Moreover, plasmonic nanomaterials also consisted of two populations
at ~19 nm and ~34 nm. It can point to different mechanisms of nanoparticle formation such
as the decomposition of ablated species or their agglomeration in a cavitation bubble [40,41],
while silicon ones show only one contribution at ~36 nm (Figure 6). Further modifications
of the nanostructures using the laser ablation of targets immersed in these colloidal solu-
tions significantly changed their size. Both types of composite silicon–gold nanoparticles
demonstrated very narrow size distributions (FWHM ~ 5 nm) with much lower mean sizes
(~8 ÷ 9 nm) (Figure 6). It is worth noticing that the size dispersion was similar for both
Si/Au NPs and Au/Si NPs independent of the synthesis conditions. The found discrepancy
in the size distributions as well as the similar behaviour of the size distributions in the case
of nanocomposites demonstrate the significant difference between physico-chemical pro-
cesses that occurred during the formation of single- and multi-component nanostructures.

To establish the influence of the laser energy on the dimension of the nanostruc-
tures, their mean sizes were estimated for these four types of nanoparticles formed at
different laser fluences varied in the range of 50–175 µJ/pulse (Figure 7). Both multi-
component nanostructures indicated fluence dependences different from single-component
ones (Figure 7). Indeed, both Si/Au and Au/Si NPs possessed no dependences of their
mean sizes (~8 nm) on the used laser fluence while their single-component counterparts
showed a linear decrease from 47 nm to 24 nm (Si NPs) or increase from 9 nm to 30 nm
(Au NPs) of the mean size with the increase in the laser fluence from 50 to 175 µJ/pulse.
One can speculate that this behaviour can be associated with a considerable difference in
the mass of these elements. Hence, silicon species formed due to laser ablation obtained
higher kinetic energy than gold ones when absorbing the same amount of the laser energy.
Thus, a cavitation bubble where the growth of nanoparticles takes place contains a higher
amount of gold nanostructures than silicon ones, resulting in a larger size of Au NPs.
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Figure 4. Energy-dispersive X-ray spectra of (a) Si/Au NPs and (b) Au/Si NPs formed at 600 s laser
ablation time; (c) Au-Si phase diagram (a horizontal line at 363 ◦C is the eutectic point of the Au-Si
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Figure 7. Laser fluence-dependent mean size of single- and multi-component nanoparticles estimated
using TEM.

Nevertheless, the presence of both elements in the “reactor chamber” completely
changes the picture. In this case, the situation can be quite similar for both Si/Au and
Au/Si NPs. Indeed, in the first case, Si NPs can be decomposed during laser fragmentation
while gold nanostructures are emitted from the gold target (and vice versa in the case
of Au/Si NPs). However, the local concentration of nanostructures of each element can
significantly differ due to the impact of several reasons significantly complicating the
process of the nanocomposite synthesis and depending on deposited laser energy. For
instance, the local concentration of nanoparticles in these cases as well as their sizes close
to the laser spot focus can attenuate the deposited laser energy in different ways. Moreover,
starting from the first seconds of the laser ablation, the absorption and scattering of the light
will be permanently changed due to the decomposition of nanoparticles already dispersed
in colloidal solutions, as well as due to the emission of new nanostructures. Thus, the
size of nanoparticles and the extinction of the liquid will alter the synthesis conditions
every time. However, the absence of any influences of such changes on the nanocomposite
sizes can provide grounds to assume that mechanisms of the synthesis of multi-component
nanoparticles significantly differ from single-component ones. One can speculate that
physico-chemical processes occurring between silicon and gold elements play a significant
role due to considerable local changes in the behaviour of different ablated species requiring
a deeper study.

To establish the multi-functionality of laser-synthesized nanocomposites, their Raman
and EPR spectra were investigated in comparison with Si NPs and Au NPs. It was found
that only pure Si NPs exhibited clear Raman responses at ~520.4 cm−1 that can be assigned
to the crystalline silicon phase in large NPs (Figure 8a). Using the following relationship
between the Raman shift and the nanostructure size one can estimate an approximate mean
size of silicon nanoparticles:

∆υ = −52.3·(0.543/d)1.586 (2)

where ∆υ is a Raman spectral shift of the nanostructures of the size d in comparison with
bulk silicon (520.5 cm−1) [43]. Thus, this small Raman shift (~0.06 cm−1) corresponds
to the nanostructures with a size of ~40 nm, which is a close value to that estimated via
TEM observations (Figure 6). It is worth noticing that no Raman responses were detected
for all gold-containing nanostructures, which can indicate the large amount of gold on
the NP surface irradiated with the visible light or amorphous structure of NPs. At the
same time, EPR spectra of all silicon-based nanomaterials exhibited clear spectra that
were similar in all cases (Figure 8b). The same spectra shape can point out any changes
in the paramagnetic defect structure as a result of the laser treatment. Some changes
in the concentration of paramagnetic defects (not studied in this research) can be due
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to the modifications of the (i) chemical composition of multi-component nanostructures
(e.g., silicon-gold bonding, nanoparticle concentration, oxidation state, etc.) or (ii) their
sizes during the two-step laser treatment approach. It is worth noticing that this type
of defect can be assigned to unpaired electrons in disordered silicon [44]. The detection
of the amorphous silicon in this case, together with the absence of any Raman silicon
responses, can imagine a core@shell Au@Si structure where core Si exhibits a clear EPR
signal insensitive to the visible irradiation. In order to establish the exact structures of both
Si/Au and Au/Si nanoparticles, a comprehensive study using HR-TEM, EDX, XPS, and
XRD techniques will be performed separately. These results demonstrate the possibility of
using composite nanoparticles for non-invasive tracking using different kinds of magnetic
resonance technologies.
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is 100 µJ/pulse.

The approaches presented in this work for the formation of chemically ultrapure
bi-component plasmonic nanocomposites can be promising for the field of catalysis or
biomedicine with the aim of creating a multi-functional nanotool. Firstly, it is a facile way
to incorporate elements with required modalities in already-existing nanoparticles using
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high chemical purity conditions. It can extend their applications in catalysis, bio-, magnetic
or electrical applications [36,45–48], allowing them to achieve different aims at the same
time, using only one type of nanomaterial. Another point can be related to the development
of nanoparticle-based carriers of radionuclides (RNs) for biomedical applications. Until
now, they were usually prepared via different complex methods and successfully assessed
for different theranostic applications including cancer therapy [49–53]. The aforementioned
laser-based technology can be a new promising approach used for the development and
easy synthesis of nanoparticle radiocarriers in chemically pure conditions. In this case, a
complex nanoplatform merging not only semiconductor and plasmonic/magnetic elements
but also different types of RNs can be designed for different directions of the life science
field (Figure 9). In particular, “key” nanoparticles that are necessary for theranostic applica-
tions can be treated in the presence of different elements, adding new “radio” modalities
whose efficiency can be controlled by the treatment time. This technique can consider-
ably simplify the formation of novel types of radiopharmaceuticals with an individually
controlled performance.
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4. Conclusions

In summary, composite nanoparticles are formed via ultrafast laser ablation using
either semiconductor or plasmonic nanostructures as starting materials. In both cases,
the combination of silicon and gold elements is observed, accompanied by a significant
narrowing of the size distribution. This merging leads to the disappearance of the Raman
signal attributed to crystalline silicon while unpaired electrons of the silicon paramagnetic
defects are detectable. The changing of the laser fluence does not modify the mean sizes
of both types of silicon–gold nanocomposites contrary to single-element counterparts.
Laser ablation time affects the concentration of synthesized nanoparticles as well as the
ablation speed. The variation of the laser ablation time provokes smooth modifications of
the absorbance properties of composite nanostructures, allowing the adjustment of their
efficiency to differ depending on a started material. The extension of the laser ablation
approach for easy synthesizing of radiolabelled nanoparticles with controlled performance
is proposed.
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