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ABSTRACT

Surfactant-free multifunctional semiconductor-metallic nanostructures possessing several
modalities are formed due to laser-induced structural modification of pure silicon nanoparticles in
the presence of gold. It results to variable size-dependent chemical composition examined by
energy-dispersive X-ray spectroscopy. Laser-synthesized silicon-based nanocomposites exhibit
remarkable both plasmonic and paramagnetic properties. Their plasmonic maxima are found to be
easily adjusted in the whole visible spectral range. Influence of resonant laser irradiation on spin
behaviour of silicon-gold nanoparticles is established. Their spin-lattice and spin-spin relaxation
processes are investigated as well. Such multifunctional nanoparticles can reveal a huge potential

for different applications in field of nanomedicine, in particular, for biosensing and bioimaging.
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Introduction

Nanostructured silicon (nano-Si) is a perspective material due to its unique optoelectronic
properties, resulting in potential applications in photovoltaics [1-6], nanothermometry [7-9], or
nanoscale electronic devices [10,11]. Meanwhile, one of the most appealing prospects is related to
the field of nanomedicine, in particular to drug delivery, singlet oxygen generation, magnetic
resonance and optical bioimaging as well as cancer treatment [12-30].

Particularly promising are silicon nanoparticles (Si NPs) prepared by means of pulsed laser
ablation in liquid, revealing several aspects important for biomedical applications [12,30-35].
Indeed, such a method allows formation of biocompatible nanomaterials due to the use of
contamination-free conditions. Recently it was shown that the functionality of Si NPs can be
significantly extended due to combination of specific properties of nanostructured silicon and gold
incorporated in one composite nanoparticle [36-38]. However, investigation of formation
mechanisms, properties and applications of laser-synthesized semiconductor-metallic composite
NPs just started to attract research interest lately and is on its early stage [36—42].

In this work, the formation of plasmonic composite silicon-gold nanoparticles (Si@Au NPs)
with size-dependent chemical content by means of laser-induced structural modification of Si NPs
is carried out. A method for adjusting the position of the plasmonic resonance in the visible spectral
range is developed. The impact of structural modification of the laser-synthesized Si-based NPs on
their defect structure is investigated. The influence of laser irradiation (532 nm) on spin behaviour

as well as spin-lattice and spin-spin relaxation processes are studied.

Experiments

Composite silicon-gold nanoparticles are formed by 2-step approach based on pulsed laser
ablation in liquid method. Firstly, Si NP colloidal solution is synthesized by laser ablation of a
silicon wafer (p-type, (100), 10 Q-cm) immersed in deionized water (18 MQ-cm). As a second step,

laser ablation of a gold target (Goodfellow, 99,99 % purity) in previously-prepared colloidal
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solution of Si NPs is carried out. In both cases, a Ti:sapphire femtosecond (150 fs) laser (Astrella,
Coherent) operated at 800 nm wavelength with 1000 Hz repetition rate is used. Laser radiation of
150 puJ/pulse fluence is focused by a 75 mm lens on a solid target surface. Duration of laser
treatment of the targets in each case is 30 minutes. More detailed information related to synthesis of
composite nanoparticles is published elsewhere [36,37]. The use of substances of high purity
accompanied by laser irradiation leads to the first important modality of Si@Au NPs —
biocompatibility.

Their structural properties are studied by means of a high-resolution transmission electron
microscope (HR-TEM) using a carbon-coated copper grid containing some amount of NPs. A
calculation of the NP size distribution is carried out by the ImageJ software. The chemical
composition of the NPs is investigated with the help of a microscope coupled to an Energy
Dispersive X-ray (EDX) spectroscopy system choosing a single NP of a given size. Size-dependent
mass contribution of silicon and gold species in composite NPs of different sizes is estimated.

The optical properties of the Si-based NPs are studied by means of a Shimadzu UV-2600
spectrophotometer. Continuous wave (cw) and pulsed electron paramagnetic resonance (EPR)
measurements are carried out on a Bruker ELEXSYS E580 EPR spectrometer operating at X band
(~9.8 GHz frequency) using a field modulation amplitude of 0.5 mT (in the cw EPR
measurements). The light-induced properties of paramagnetic states are investigated by irradiating
the samples in the resonator by a laser diode (532 nm, 10 mW). Defect concentrations for the Si-

based nanoparticles were determined by quantitative EPR measurements as described earlier [43].

Results

A TEM image of multicomponent Si@ Au nanoparticles is presented in Fig. 1a showing NPs
of different shapes (predominately spherical-like). Calculated size distribution is found to be very
narrow (~ 5 nm) with an average size 7 — 8 nm (Fig. 1b). One can see that this size distribution is
significantly reduced due to laser-induced treatment compared to that of initial Si NPs. Indeed,

mean size of single-component NPs is 30 nm with size dispersion ~ 20 nm (Fig. 1b). Performed
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calculation reveals that majority of NPs (~ 95 —97 %) possess diameter beyond 10 nm (Fig. 1c)
while minority of them (~ 3 —5 %) has size up to 100 nm (Fig. 1d). The small (10 nm) and large
(100 nm) composite NPs may reveal different structure and chemical composition. For instance,
small NPs may combine nanocristalline and amorphous phases of Si (responsible for Raman and
EPR signals [31], respectively) with nanocristalline gold. Performed calculation of interatomic
distances in a small NP (Fig. 1c) shows the following value (2.36 A) that corresponds to (111)
atomic plane of gold. In order to study chemical composition of individual nanoparticles, EDX
study by means of HR-TEM is carried out.

In Fig. 2a, an EDX spectrum of a 7 nm multifunctional Si@Au NP is shown. The spectrum
reveals several maxima at different energy positions. Here, responses at 0.26 keV and
0.9 keV/8.0 keV/8.9 keV correspond to K, of carbon and L«/K«/Ks lines of copper, respectively,
originating from a used copper TEM grid covered with a carbon film. The signals at 2.1 keV and
9.7 keV are related to My and L lines of gold, respectively. K, line of silicon at 1.7 keV suggests
the presence of Si in the NP composition. It worth noting that peak intensity is proportional to the
mass fraction of the element concerned. Hence, an EDX spectrum of Si@Au NPs with equal
amount of silicon and gold atoms will reveal higher intensity for a gold peak due to 7-times higher
mass in comparison with silicon.

One can see that the mass contribution of the different elements strongly depends on the
diameter of the composite NPs (Fig. 2b). Indeed, the size-dependent chemical composition of
Si@Au NPs is found to be divided into two different specific regions (Fig. 2b). Firstly, small (less
than 10 nm) NPs have a content remarkably changing with their size. Here, mass contribution of
gold in Si@Au NPs increases with NP size. These data (Fig. 2b) allow estimating a mass ratio
between different elements for a NP of a given size. So far as gold possesses 7-times higher mass
than silicon, number of atoms of different elements will significantly differs for small and large
NPs. Indeed, 27/73 Si/Au mass ratio of a 7 nm composite NP results in 72/28 Si/Au atomic ratio

showing predominant content of Si atoms in the composite NP [36]. Such NPs are named as Si@ Au

4



Optical and Quantum Electronics (2020) 52:177, https://doi.org/10.1007/s11082-020-02297-6

NPs in contrast to Au@Si NPs possessing higher amount of gold atoms. Indeed, according to the
EDX study, Au@Si NPs (size more than 20 nm) have 22/78 Si/Au atomic ratio (or 3/97 Si/Au mass
ratio) [36]. This data clearly shows a multicomponent modality with tuned chemical composition
of NPs formed by a laser-assisted approach.

Metal content results in the appearance of a new functionality unique for Si-based NPs —
plasmonic properties. Indeed, a clear plasmonic maximum at 520 nm (Fig. 3a) is found in
composite NPs due to a presence of nanostructured gold (Fig. 2a) incorporated into the Si NPs. It is
worth noting that the position can be easily adjusted in the whole visible spectral range by using an
appropriate metal target for synthesis of the composite NPs (Fig. 3a, inset).

The presence of silicon shows the forth modality of Si@ Au NPs — a substantial concentration
of paramagnetic states. It is reflected in a strong isotropic single-component EPR signal of Si@ Au
NPs with full width of half maximum of 7 G that is very similar to a spectrum of initial pure Si NPs
(Fig. 3b). Absorption spectra and double integral curves of Si-based NPs are shown in inset and
allow estimating the defect concentration based on quantitative EPR measurements. The EPR
spectrum of Si@Au NPs is approximately 5 times lower than that of Si NPs. This indicates that the
composite nanoparticles have a lower number of paramagnetic states. Indeed, the estimated defect
concentration of Si@Au NPs is 0.47-10" spin/g while pure Si NPs possess 2.21-10' spin/g.
Additionally, an impact of a green illumination (resonant for Si@Au NPs) on the concentration of
unpaired electrons in Si-based NPs is studied. Corresponding results are also shown in Fig. 3b.
Here, lines indicate EPR spectra of Si-based NPs obtained in the dark while open points present the
EPR spectra under the green illumination. However, they reveal no any changes in concentration of
spins for both types of laser-synthesized Si-based NPs contrary to counterparts prepared by
electrochemical etching method [19]. Moreover, study by means of pulsed EPR shows complete
absence of any spin echo signals of the laser-synthesized NPs in temperature range between 20 and

300 K.
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Discussion

Irradiation of materials immersed in a liquid with a pulsed laser leads to strong laser-matter
interaction involving numerous interrelated processes [44—50]. As a result, laser-synthesized NPs
are formed with the properties considerably dependent on experimental conditions. In particular,
semiconductor-metallic NPs can be synthesized due to laser ablation of a metal target immersed in a
colloidal solution containing semiconductor NPs [36-38]. In this case, the following processes take
place:

1) laser ablation of a metal target where the laser energy is absorbed by the free electrons of

metal (inverse bremsstrahlung);

2) laser fragmentation of Si NPs where the laser energy is primarily absorbed by the valence
electrons, leading to their excitation to the conduction band followed by the inverse
bremsstrahlung process.

In this study, an fs laser has been chosen in order to minimize the heat-affected zone in
matters. Indeed, during the laser action the ions of the lattice in the near-surface layer of a target or
NPs still remain cold [44,46] as the pulse duration (~150 fs) is much shorter than the characteristic
relaxation times [44,46]. However, the electrons within the optical penetration depth that absorb
light are driven to a high temperature [44]. Upon electron lattice relaxation at picosecond timescale,
the material lattice is overheated to a high temperature, culminating in decomposition into a mixture
of vapor and nanoclusters (phase explosion). These ablation products, containing both silicon and
gold atoms, ions and nanoclusters are expanding, being however spatially confined by the
surrounding liquid medium [51]. This provokes fast cooling of the ablated species leading to
formation of an oscillating cavitation bubble where Si@Au NPs may be formed [52,53] as a result
of interaction between silicon and gold atoms and nanoclusters. Moreover, interaction between the
ablation products and liquid may result in appearance of unusual phases [47,49,50], e.g., gold
silicide nanoformulations of different stoichiometry (AuxSiy) that will be studied additionally. It

should be mentioned that the formation of NPs may also take place in the surrounding liquid
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outside the cavitation bubble in the adjacent layers of liquid [49,52,54]. In this case, Au@Si NPs
can be formed, small amount of which is detected during TEM study (Fig. 1d).

It worth noting that the self-focusing effect can occur due to the high value of the peak laser
power. Indeed, under used experimental conditions, the estimated peak power is ~ 600 MW
significantly exceeding the critical value for self-focusing (~ 3.5 MW). This can provoke
filamentation of the laser beam propagating in the water-based colloidal solution through the whole
liquid layer (10 mm) [55]. Hence, silicon nanoparticles can be decomposed into atomic and
nanocluster phases along the laser filament, subsequently covering large Au NPs with a thin silicon
shell (Fig. 1d).

The presence of 28 % of gold atoms (for a 7 nm Si@Au NP according to the EDX study)
reveals remarkable plasmonic properties associated with collective oscillations of free electrons in
nanostructured gold (Fig. 3a). Choosing different metals (silver, copper) with other plasmonic
frequencies, one can easily adjust the position of a plasmonic maximum (Fig. 3a, inset). The
plasmonic properties of the Si-based NPs reported here will promote the application of
semiconductor-based NPs into biomedical-related fields, namely, for biosensing due to surface-
enhancement of optical signals.

As it is shown above, the laser treatment of Si NPs leads to a significant change of their size,
chemical composition and optical properties. However, the defect structure of the NPs does not
change regardless of the laser-induced modification. Indeed, one can see that the EPR spectra of
both single- and multicomponent Si-based NPs are identical except for the signal amplitude (Fig.
3b). A lower EPR intensity of the composite Si@Au NPs compared to the pure Si NPs can be
associated with a decrease of disorder of the smaller NPs after laser-provoked structural
modification. Moreover, they can also possess less defect states due to reduced amount of unpaired
electrons caused by some “passivation” of silicon dangling bonds because of the silicon-gold
interaction. Additional studies by XPS/XRD methods are required in order to establish the exact

structure of composite nanoparticles and to prove the presence/absence of gold silicide
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nanoformulations (AuxSiy) of different stoichiometry. Nevertheless, no new kinds of paramagnetic
defects related to Si—Au interaction or silicon oxidation are created.

Indeed, the estimation of the g factors reveals the same value for both types of NPs:
gsi@au NPs=gsi Nps= 2.0055+0.0005 that is related to silicon dangling bonds in amorphous silicon
[55,56]. However, no silicon dangling bonds on the Si/SiO; interface (so-called Py-centres) with
anisotropic EPR signals (g-values around 2.002 and 2.008) are found for Si@Au NPs. Thus, laser-
induced structural modification does not lead to the formation of a noticeable amount of any new
types of defects detected by EPR. These data point out the identical mechanisms of interaction and
subsequent aggregation of silicon nanoclusters regardless of the presence of gold nanoclusters.

The following hypothesis explaining the absence of any influence of optical as well as pulsed
radio-frequency irradiation on the concentration of spins in Si-based NPs is suggested. As it is
shown above, laser ablation leads to such extreme conditions as high temperature and pressure
forming significantly inhomogeneous structure of both types of NPs. This synthesis can provoke the
formation of some ensembles of defects due to their strong localisation in core of the NPs during
the aggregation of the nanoclusters while surface defects may be passivated and thus become
optically and radio-frequency inactive. Such a localisation may lead to very fast dissipation of
energy of pulsed radio-frequency radiation due to strong spin-spin coupling that is confirmed by
absence of any spin eco signal for both types of NPs in the temperature range between 20 and
300 K. These deeply localised defects are also insensitive to an optical excitation (532 nm) that is
absorbed in a near-surface layer not influencing any paramagnetic defects inside the core. Another
dissipation channel can be realised via strong interaction of NPs with the surrounding liquid
environment. The presence of gold nanoclusters in the composite Si@Au NPs does not also
influence the behaviour of the unpaired electrons in spite of resonant optical excitation leading to
the formation of strong local electric fields. Insensitivity of unpaired electrons to resonant optical

excitation in composite NPs indicates the absence of any plasmon-spin interactions.
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Conclusions

Composite silicon-gold nanoparticles with several modalities are synthesized by pulsed laser
ablation. Their size-distribution is significantly narrowed compared to that of initial silicon
nanoparticles. Presence of both silicon and gold elements in composite nanoparticles is shown with
mass contribution depended on their size. Remarkable plasmonic properties of Si-based
nanoparticles are achieved in the whole visible range due to laser-induced structural modification.
At the same time, expedient paramagnetic defect properties are also detected in them. Such
nanoparticles may potentially serve as a novel revolutionary nanotool for nanomedicine

simultaneously providing different actions (diagnostic, therapeutic, imaging, sensing).

Acknowledgements

This research work was financially supported from the European Regional Development Fund
and the state budget of the Czech Republic (Project BIATRI: CZ.02.1.01/0.0/0.0/15_003/0000445),
from the Ministry of Education, Youth and Sports (Programs NPU I-Project no. LO1602). Yu.V.R.
also acknowledge a financial support from Freie Universitit Berlin within the Excellence Initiative
of the German Research Foundation (0503121810) as well as from a COST project (ECOST-

STSM-BM1205-120416-072252).

Author contributions
Yu.V.R. conceived and designed the research, Yu.V.R. and J.B performed experiments, analysed obtained data

and wrote the manuscript. All authors have given approval to the final version of the manuscript.

Figure Legends:
Figure 1. Composite Si-based nanoparticles: a) a TEM image of ensembles of NPs, b) a size
distribution compared to that of initial Si NPs, ¢) a TEM image of 10 nm NP; d) a TEM image of
100 nm NP.

Figure 2. Structural properties of silicon-gold nanoparticles: a) an EDX spectrum of a 7 nm Si@Au

NP, b) their size-dependent chemical composition.

Figure 3. Optical and electronic properties of silicon-gold nanoparticles: a) plasmonic properties of

Si-based nanoparticles, b) electron paramagnetic resonance spectra of Si and Si@Au NPs in dark
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(lines) and under green laser illumination (open points). Absorbance and double integral curves of

Si@Au NPs are shown in inset.

Figure 4. A scheme of laser-induced formation of multifunctional Si-based nanoparticles (Si —

silicon, Au — gold).
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Figure 2. Structural properties of silicon-gold nanoparticles: a) an EDX spectrum of a 7 nm Si@Au

NP, b) their size-dependent chemical composition (mass ratio).
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Figure 3. Optical and electronic properties of silicon-gold nanoparticles: a) plasmonic properties of
Si-based nanoparticles, b) electron paramagnetic resonance spectra of Si and Si@Au NPs in dark
(lines) and under green laser illumination (open triangles). Absorbance and double integral curves

of Si@Au NPs are shown in inset.
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Laser-Induced Formation of Composite Si@Au Nanoparticles

Figure 4. A scheme of laser-induced formation of multifunctional Si-based nanoparticles (Si —

silicon, Au — gold).
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