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Design of “green” plasmonic nanocomposites
with multi-band blue emission for ultrafast laser
hyperthermia†

Yury V. Ryabchikov

Although non-toxic nanoscale materials are widely employed for different healthcare applications, their

performance is still considerably limited. In this paper, various approaches using the environmentally

friendly ultrafast laser processing were employed to remodel IV group semiconductor nanostructures and

synthesize highly-stable (ξ-potential is up to −47 mV) colloidal solutions of plasmonic (525 nm) nano-

composites with a strong size-dependent chemical content. All nanocomposites exhibited a remarkable

lamp-excited multi-band blue emission centred at around 420 nm that is considerably (∼10-fold for Au-

SiC) stronger than from nanocomposites prepared by the laser co-fragmentation technique. The latter

formed a greater quantity of smaller narrowly dispersed (∼4 nm for Au–Si) plasmonic nanostructures

compared to the direct laser ablation method. Moreover, it led to a greater number of semiconductor

elements (∼1.7-fold for Au–Ge) in the nanocomposites, which was correlated with lower (∼30%) electrical
conductivity. Aqueous colloidal solutions revealed a greater degree (∼80%) of the femtosecond laser-

induced heating for all nanocomposites formed by direct laser ablation. These findings highlight the

peculiarities of the applied laser processing approaches and considerably facilitate the design of specific

multi-modal plasmonic-fluorescence (biosensing, bioimaging, hyperthermia) nanocomposites with a

required performance that significantly expands the application area of semiconductor nanostructures.

Introduction

The continuous fast development of nanotechnologies has led
to the production of novel low-dimensional materials, reveal-
ing new unique features that can be used in different life
science applications. Here, silicon-based nanostructures are
one of the most promising and most studied materials and are
widely employed in healthcare applications due to their excel-
lent bio-safety.1–3 They were successfully demonstrated as
efficient singlet oxygen photosensitizers,4–6 as well as anti-
cancer drug delivery platforms for the therapy of oncological7,8

and cardiovascular diseases.9–11 Moreover, silicon-containing
nanostructures are efficient contrast agents in optical bio-
imaging12–14 and optical coherence tomography (OCT).15,16

They also can efficiently catalyse hydrogen generation,17,18 or
they can be used as nanoscale thermometers.19,20 Complex
silicon-based nanohybrids have revealed efficient anti-
microbial actions with further applications in dentistry as
fillers, or in food storage as an alternative to plastic packaging

materials.21–23 Considerable prospective applications for anti-
microbial purposes, for treating Alzheimer’s disease, or near-
infrared-II photoacoustic imaging were also demonstrated
using germanium (Ge) nanoparticles (NPs).24–26 Another prom-
ising element of the IV group is carbon (C), whose low-dimen-
sional structures are also very important for various bio-
medical applications.27–29 However, in most cases, their appli-
cation range is considerably restricted by their specific pro-
perties, requiring the employment of several nano-agents.

Ultrafast laser processing is a very efficient method for treat-
ing both bulk and nanostructured materials to control their
functional properties. Its advantages include the high pre-
cision of the laser treatment localisation and ultrapure chemi-
cal conditions, which are very favourable for biomedical appli-
cations of the laser-functionalized (nano-)materials. This
allows significant modification of the target surface, leading to
new specific features as compared to the initial materials.30–33

It can also precisely change the volume of materials, which
can be promising for different practical applications, e.g., for
photocatalytic activity or the development of colour
displays.34–37 Moreover, it was recently shown that ultrafast
laser processing is a simple and efficient route to expand the
performance of semiconductor NPs.38–40 Their functional pro-
perties are considerably improved by merging semiconductor
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nanostructures with metallic elements, which is caused by the
impact of ultrafast laser pulses, leading to promising appli-
cations of laser-generated nanocomposites (NCs).41–43

However, the use of ultrafast laser processing in the develop-
ment and application of semiconductor-metallic NCs with con-
trollable specific features is still very challenging because of
the very limited number of publications in this regard. Thus, it
is necessary to examine the laser-assisted interaction between
different semiconductor and metallic nanostructures with
required performance in a liquid environment to design com-
pound nanostructures for multi-modal healthcare
applications.

In this paper, we report the formation of NCs revealing a
strong plasmonic absorption maximum (525 nm) based on
different IV group semiconductors (such as silicon, silicon
carbide and germanium) by using two different ultrafast laser
processing approaches: direct laser ablation (LA) and laser co-
fragmentation (LcF). We found a larger nanoparticle concen-
tration (∼1012 NPs per mL) with a lower size distribution for
composite nanostructures formed by the LcF approach in com-
parison with the direct LA one that also exhibited a strong
multi-band blue (∼420 nm) emission. All colloidal solutions
showed excellent chemical stability with ξ-potential values
around −35 mV, which is ∼20–25% higher for co-fragmented
NPs. Moreover, the latter demonstrated ∼30% lower electrical
conductivity than the nanostructures formed by the direct LA
approach. All NCs revealed strong size-dependent chemical
composition for nanoparticles smaller than 30 nm. At the
same time, plasmonic NCs synthesized by the LcF approach
showed a greater content of semiconductor elements in com-
parison with nanostructures prepared by the direct LA. Our
findings demonstrate the facile expansion of functional pro-
perties of the IV group semiconductor nanostructures that can
be finely controlled by conditions of the laser-matter
interaction.

Materials and methods

To synthesize plasmonic nanocomposites based on various IV
group semiconductors, the following multi-step ultrafast laser
processing techniques were employed. Firstly, pure metallic
(Au) and semiconductor (Si, SiC, Ge) nanoparticles were pre-
pared by direct pulsed laser ablation in liquids (PLALs) of a
corresponding target that were also used as references.
Secondly, composite NPs were formed using either direct laser
ablation or laser co-fragmentation approaches (Fig. 1). In the
first case, the gold target was ablated in the previously pre-
pared colloidal solutions of semiconductor NPs (Si NPs, SiC
NPs, Ge NPs) taken in an equal mass concentration (0.1 g L−1).
In the second case, a mixture of colloidal solutions of metallic
and semiconductor NPs (1 : 1 volume ratio) were irradiated
using the same laser irradiation conditions. To homogenize
colloidal solutions, they were continuously stirred prior and
during laser irradiation. To retain the same semiconductor
NPs concentration in a volume unit for both approaches, the

colloidal solutions were diluted by 2-fold with deionized water
prior to the laser ablation of the gold target (LA approach)
(Fig. 1).

Laser synthesis of both single- and multi-element NPs was
performed in a glass vessel by means of a pulsed laser (6 ps
pulse duration, 10 kHz repetition rate) at 1030 nm wavelength
and 50 µJ per pulse laser fluence. In the case of the LA
approach, the laser irradiation was focused into a 50 µm spot
size on the surface of the used solid state targets. Meanwhile,
in the case of the LcF approach, the focal plane was located
4 mm below the air/liquid interface (Fig. 1). The laser proces-
sing time was 180 s.

With the aim of visualising the composite plasmonic NPs, a
high-resolution transmission electron microscope (HR-TEM)
Jeol JEM 3010 operating at 300 kV accelerating voltage was
used. A small drop (10 µL) of freshly prepared aqueous solu-
tion was placed on a carbon-coated copper grid, and then
dried under ambient condition. The calculation of the compo-
site NPs size distributions was performed by means of Image J
software using a total of 1000 particles for each sample. To
define the chemical composition of various NCs of different
sizes, a Jeol JEM 2011 microscope operating at 200 kV acceler-
ating voltage was employed. For this purpose, a single NC iso-
lated from other NPs was selected to avoid any influences from
NPs of different sizes, and analysed using energy-dispersive
X-ray (EDX) spectroscopy. The corresponding ratios between
different chemical elements for NPs of different sizes were
identified using a microscope software.

The chemical stability (ξ-potential) and electrical conduc-
tivity of colloidal solutions of NPs were investigated using the
Malvern Zetasizer Ultra device. Additionally, the nanoparticle
conductivity was studied by Hanna PWT HI 98308 operating in
the range of 0–99.9 µS cm−1 with 0.1 µS cm−1 sensitivity. To
study the particle concentrations and their hydrodynamic
sizes, the colloidal solutions were diluted by 20-fold to avoid
an influence of concentration effects on the aforementioned
parameters. Hydrodynamic sizes of NCs were studied using
the multi-angle dynamic light scattering (MA-DLS) approach at
13°, 90° and 173°. Absorbance spectra of all NP colloidal solu-

Fig. 1 A sketch of ultrafast laser processing experiments for the syn-
thesis and heating of semiconductor-plasmonic nanocomposites.
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tions (2 mL) were investigated by means of a Shimadzu-2600
apparatus equipped with an integrating sphere using the
absorption mode, 2 nm slit, 2 s acquisition time, and medium
scanning speed.

Photoluminescence (PL) measurements were carried out
using a commercial Edinburgh FLS1000 spectrometer
equipped with an ozone-free Xenon arc lamp (450 W), both
excitation and emission double monochromators with
350 mm focal distances and straight light suppression better
than 10−10, as well as a Hamamatsu PMT928P photomultiplier
tube (PMT) for signal detection. The PL of plasmonic NCs
(1 mL of aqueous solutions in quartz cuvettes) was excited at
∼300–310 nm wavelength (corresponding to the maximum
excitation efficiency), and detected in the 320–750 nm spectral
range with 2 nm step, 1 s acquisition time and 5 scans. The
luminescence mapping of the NCs was excited in the
250–400 nm range, and detected in the 350–600 nm range
with 2 nm steps, 2 nm excitation and emission bandwidths,
and 1 s acquisition time. The UV-Vis and PL measurements
were performed using the initial concentrations of the col-
loidal solutions.

Ultrafast laser heating of the colloidal solutions (1 mL) of
plasmonic IV group semiconductor NCs was performed using
pulsed (35 fs) laser irradiation at 800 nm with 1000 Hz rep-

etition rate at 1.3 W average power. The images were obtained
by a Bosch GTC400C thermal camera during 600 s of the laser
irradiation (Fig. 1).

Results and discussion

To visualize the plasmonic NCs formed using various IV group
semiconductors, the NCs dried on carbon-coated grid compo-
site NPs were investigated by HR-TEM (Fig. 2). It was found
that different NCs (Au–Si, Au-SiC, Au–Ge) demonstrated
similar microscopic images of spherically-shaped NPs with
mean sizes of around 8–10 nm. Nevertheless, the TEM obser-
vation of Au–Ge NPs also highlighted their worse size dis-
persion homogeneity in comparison with the Si-based nano-
structures due to the presence of larger NPs (Fig. 2). Moreover,
all plasmonic NCs prepared via different laser processing
approaches (LA or LcF) possessed a multi-crystalline structure
due to the presence of several gold crystalline planes, similar
to the previously published findings.39 The estimated size dis-
tributions of various composite NPs revealed the following
peculiarities.

Firstly, all plasmonic NCs demonstrated considerably
smaller mean sizes (Fig. 3) as compared to pure NPs (both

Fig. 2 TEM images of metallic-semiconductor NCs formed by ultrafast laser processing.
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metallic or semiconductor) formed in deionized water
(∼30–40 nm) without any additives.39,44 Indeed, it is known
that the environment above the ablated targets plays a signifi-
cant role in the dynamics of the laser plume.45 Hence, the
presence of semiconductor NPs in a liquid will considerably
affect the composition of the laser-generated plume and its
dynamics, changing the mechanisms of the nanoparticle
growth as compared to single-element ones. In the case of
PLALs, one can divide the whole process into the following
stages:46

− Early stage: the absorption of the deposited laser energy,
the ejection of nanostructures of the involved materials, and
the formation of the laser plume;

− Intermediate stage: the expansion of the laser plume in
the presence of a confining liquid medium;

− Late stage: mixing of the laser plume with the liquid and
nanoclusters, followed by further coalescence/aggregation
processes.

Thus, the presence of semiconductor NPs in water during
laser ablation can influence the processes that occur in all of
the aforementioned stages, being affected by their size, con-
centration or chemical composition. Firstly, the composition
of the laser-induced plasma plume will change due to the frag-
mentation of semiconductor NPs affected by the laser
irradiation. Evidently, the chemical content of the plasma
plume will depend on the concentration of NPs, their velocity
in a liquid, applied laser energy, etc. Secondly, semiconductor
nanoclusters will attenuate the laser energy, leading to
additional energy losses and causing a shielding effect.
Thirdly, they can make an impact on the expansion of the
laser-generated plasma plume due to (i) the additional nano-
structures beyond it, from one side, and (ii) the changed com-
position of the plasma plume, from another side. Finally, the
semiconductor nanoclusters in the plasma plume can also
considerably affect the temperature and pressure distribution,
shortening the interaction between nanoclusters, and thus
decreasing their size (Fig. 3).

Differences in the size of NPs formed by the LA and LcF
approaches can appear due to the significantly different con-
ditions during the creation, expansion, and collapse of the
plasma plume. Indeed, during the LcF approach, the plume is
formed because of the fragmentation of both Si and Au NPs,
while a solid target is a major source of the plume content
during the direct LA approach. Thus, LcF can lead to a large
number of smaller plasma plumes, which can intermix with
each other (Fig. 4b). Their smaller size can restrict the growth
of NPs during LcF, which was experimentally observed for all
NCs (Fig. 3). The aforementioned differences of the plasma
plume properties may also result in different diffraction
pattern images (Fig. 3, insets). More pronounced diffraction
rings corresponding to the (111), (200), (220), (311) and (222)
gold crystalline planes can appear because of the solid target
gold nanoclusters, whose interaction can lead to the formation
of gold crystalline structures. However, in the case of the LcF
approach, the concentration distribution of different elements
will be more homogeneous, leading to an amorphous NC
structure due to the strong interaction between Si and Au
atoms. Moreover, it can also decrease the size of the semi-
conductor nanodomains.

Secondly, plasmonic silicon-based NCs (Au–Si, Au-SiC)
revealed monodisperse narrow size distributions of NPs
(Fig. 3) similar to the previously reported data:40,43 10.4 nm
and 8.1 nm for LA Au–Si and Au-SiC NCs, respectively.
However, both types of plasmonic Ge-based NCs possessed
bimodal size distributions (8.3 nm and 14.9 nm), as observed
for pure Au NPs.39,47 This can point to various mechanisms of
the NP growth during the laser-assisted photo-chemical
processes.39,47 In particular, an impact from the high-power
laser irradiation can provoke fast germanium oxidation and

Fig. 3 Size distributions and corresponding diffraction patterns of
metallic-semiconductor NCs: (a) Au–Si, (b) Au-SiC, (c) Au–Ge.
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dissolution in the oxygen-saturated aqueous medium, which is
favorable for the growth of Au-based NPs. Thus, to clarify the
influence of the semiconductor nanostructures in aqueous
solution on the photochemical processes, it is necessary to
perform additional studies of the plasma plume dynamics,
depending on (i) the properties of the used NPs, and (ii) the
applied laser processing approach, supported with molecular
dynamics simulations.

Thirdly, all plasmonic NCs formed by the LcF approach
showed smaller mean sizes (∼35% for Au–Si NCs), as com-
pared to that synthesized by the direct LA approach (Fig. 3). In
these cases, we can hypothesize on the different properties
and dynamics of the laser-induced plasma plume due to the
various shapes and sizes of the ablated targets. Indeed, the
direct LA of an extended plane surface (10 mm) can create one
relatively large laser-induced plume containing nanoclusters
from ablated gold and fragmented semiconductor materials
(Fig. 4). These nanoclusters will interact each other during the
plume “lifetime”. However, the LcF approach can produce
many laser-induced plumes that are much smaller in front of
the Au and/or semiconductor NPs (Fig. 4). Their sizes and
shapes will be permanently changed due to the continuous
mixing of the colloidal solutions during LcF. Moreover, plasma
plumes containing different elements will also mix with each
other, leading to the interaction between metallic and semi-
conductor nanoclusters. Because of the smaller sizes and
more rapid changes of the plumes, the interaction between
different clusters can be faster, leading to smaller mean sizes
of the formed NCs (Fig. 3).

To confirm the presence of both semiconductor and metallic
elements in all NCs, their EDX spectra were investigated using
TEM by selecting a single isolated NP that allowed us to study
the size-dependent chemical content of the laser-generated NCs
(Fig. S1†). The EDX spectra of Au–Si NCs, Au-SiC NCs and Au–
Ge NCs revealed several maxima at different energy positions
(Fig. 5a–c). All EDX spectra revealed strong copper signals at
0.93 keV (Lα), 8.04 keV (Kα) and 8.91 keV (Kβ), evidently coming
from the used copper-based TEM grids. Furthermore, a strong
signal at 0.26 keV (cut in the spectra) corresponded to the
carbon coating of the TEM grids (Kα-line of carbon). Clear

signals from gold located at 2.12 keV (Mα) and 9.71 keV (Lα)
were also observed for all NCs. Moreover, the Au-SiC and Au–Ge
NCs exhibited a remarkable signal at 11.5 keV related to the Lβ
transition, while in the case of Au–Si NCs, it was not very well
pronounced (Fig. 5a–c). These results confirmed the presence of
the plasmonic metal in all studied samples.

The EDX spectra also confirmed the presence of the semi-
conductor elements used in the NCs. Indeed, one can clearly
identify silicon in the Au–Si NCs and Au-SiC NCs due to the
apparent signal at 1.74 keV (Kα) (Fig. 5a and b). However, no
carbon traces were detected in the Au-SiC samples with the
TEM grids covered with a carbon film. The peaks at 1.19 and
0.87 keV corresponded to the Lα and Kα transitions in germa-
nium, respectively (Fig. 5c). Thus, the EDX spectra of the plas-
monic NCs clearly demonstrated the presence of both metallic
and semiconductor elements in a single nanoparticle, whose
aspect ratio changed with the size of the studied NPs. The rela-
tive ratio between these elements can give us an idea about the
mass contribution of the corresponding elements in a NC of a
given size (Fig. S2†) that can be further converted into atomic
content (Fig. 5d–f ).

The size-dependent chemical composition of all plasmonic
semiconductor-based NCs highlighted the strong dependences
of both mass contribution (Fig. S2†) and element content
(Fig. 5d–f ) on the size of NPs, especially for that smaller than
20 nm. Here, larger NPs formed by the direct LA approach
(>25–30 nm) consisted mainly of gold atoms (∼85–90%), with
the remaining contribution from the semiconductor elements
(Fig. 5d–f ). In the case of Au–Ge NCs, an even larger amount
of gold atoms (∼98%) was found, which can be related to a
strong laser-induced oxidation of Ge nanoclusters, followed by
their faster degradation in the aqueous environment. The
main reason of the formation of such gold-based nano-
structures, which is rarely observed during TEM investigation,
can be associated with the considerably different masses (and
hence, kinetic energies) of gold and silicon. As a result, at a
local point where the concentration of gold nanoclusters is
relatively high, they can agglomerate, leading to the formation
of the typical Au NPs whose further growth can be restricted by
some silicon nanoclusters.

Fig. 4 A sketch of the formation of silicon-gold NCs in deionized water in the case of the: (a) direct LA approach and (b) LcF approach (sizes and
shapes of all items differ from real ones).
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However, most NPs (with the mean sizes of ∼5–10 nm) have
considerably different chemical compositions in comparison
with rare large ones (Fig. 5d–f ). In this case, the growth of NCs
can occur close to the focal point of the laser irradiation,
where there is a mixture of gold nanoclusters (ejected from the
solid target during the direct LA), and of semiconductor nano-
clusters due to the fragmentation of semiconductor NPs
(Fig. 4a). Because of a high concentration of different nano-

clusters, their kinetic energy can be significantly reduced due
to numerous collisions. The latter can more strongly affect the
lighter silicon nanoclusters, considerably increasing their local
concentration in the plasma plume. Hence, it provokes a
strong increase of the Si/Au atomic ratio for smaller NCs due
to the further interaction of silicon and gold nanoclusters,
forming composite NPs. Moreover, the gold and semi-
conductor-based plasma plumes can possess different pro-

Fig. 5 EDX spectra of: (a) Au–Si NCs, (b) Au-SiC NCs, (c) Au–Ge NCs. Size-dependent chemical composition (atomic ratio) of metallic-semi-
conductor NCs: (d) Au–Si, (e) Au-SiC, (f ) Au–Ge.
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perties (temperature or pressure distribution), which can also
affect the interaction between different elements.

Additionally, one can observe a significant difference
between the size-dependent behavior of the chemical compo-
sition of Au-SiC and Au–Ge NCs, as compared to the Au–Si ones
(Fig. 5d–f). In the case of the Au-SiC nanostructures, this signifi-
cant difference may be associated with a lower amount of silicon
atoms in Au-SiC that also contains carbon atoms. However, we
were not able to estimate their amount due to the use of carbon-
coated TEM grids. One can hypothesize that the SiC-based nano-
structures can have a comparable amount of carbon atoms;
thus, the overall contribution of semiconductor elements in the
NCs will be similar to the Au–Si ones. Nevertheless, one can also
admit some burning of carbon atoms, owing the high-power
laser irradiation, which will be additionally studied using X-ray
techniques. In the case of Au–Ge NPs, there may be a fast degra-
dation of Ge nanostructures under the high-power laser pulses
in oxygen-rich aqueous medium.

It is worth noting that the chosen approach, either direct
LA or LcF, also significantly affected the size-dependent com-
position behaviour (Fig. 5d–f ). As suggested above, the laser-
generated plasma plumes can be different in the case of direct
LA and LcF (Fig. 4). Hence, this can lead to significant vari-
ations in their properties, affecting the interaction between
gold and semiconductor nanoclusters. In particular, one can
have a much more homogeneous distribution between the
concentration of gold and semiconductor nanoclusters
(formed due to the laser-induced decomposition of Au and
semiconductor NPs) as compared to direct LA (Fig. 4). In the
LcF case, the size of the plasma plumes can be considerably
smaller in contrast to the LA approach, which might further
restrict the growth of the NCs (Fig. 3).

Moreover, the PLALs synthesis resulted in a decrease of the
hydrodynamic size of the formed NCs. MA-DLS measurements
showed that the pure semiconductor NPs possessed higher
hydrodynamic sizes (117 nm for Si NPs, 118 nm for SiC NPs,
120 nm for Ge NPs) than pure Au NPs (109 nm). However,
further synthesis of plasmonic NCs led to a considerable
reduction of the hydrodynamic sizes of NPs, depending on the
used technique.

Indeed, in all cases, the NCs prepared by the LcF approach
demonstrated much lower hydrodynamic sizes than that
formed by the direct LA method (Au–Si: 79 nm vs. 104 nm, Au-
SiC: 85 nm vs. 105 nm, Au–Ge: 77 nm vs. 104 nm). Hence, the
laser-induced generation of plasmonic semiconductor-based
NCs provided up to 35% decrease in the hydrodynamic size of
composite NPs in comparison with pure ones (Fig. S3†). It is
worth noting that these tendencies fully matched the size
behaviour of the plasmonic NCs obtained by electron
microscopy (Fig. 3). Thus, the main reason for the decreased
hydrodynamic size may be associated with the reduced physi-
cal sizes of the NPs. Moreover, the different NC structures
formed by the two laser approaches may also be responsible
for the reduction of the slipping plane around the NPs.

This laser-induced structural modification also led to a con-
siderable increase of the concentration of NPs in colloidal

solutions (Fig. S3d–f†). Firstly, the initial concentration of
single-element NPs was ∼1010 NPs per mL for Au NPs and ∼5
× 1011 NPs per mL for the semiconductor ones. This difference
can be explained by (i) the different masses of these elements,
and (ii) the different ablation thresholds of the aforemen-
tioned materials. Further laser treatment of the colloidal solu-
tions revealed an increase in the concentration of the syn-
thesized composite nanostructures up to ∼1012–1013 NPs per
mL (Fig. S3d–f†). This can be promoted by the laser-induced
fragmentation of the NPs (Fig. S3a–c†), followed by further
interaction of gold and the semiconductor nanoclusters
(Fig. 4). It is worth noting that the LcF approach formed a ∼2-
fold greater amount of NCs than the direct LA approach
(Fig. S3d–f†). This may be associated with the previously pro-
posed larger number of laser-generated plasma plumes during
LcF, where individual NPs affected by the laser irradiation can
become a source of the plasma plumes.

The synthesized plasmonic semiconductor-based NCs
revealed good chemical stability of the aqueous colloidal solu-
tions, showing high values of the ξ-potential (Fig. S4a–c†).
Here, all single-element semiconductor NPs possessed a lower
value of the ξ-potential (−30 mV) in comparison with the Au
NPs (−38 mV) (Fig. S4a–c†). However, further formation of
composite nanostructures changed these values, depending
on the chosen PLALs approach. Indeed, all NCs prepared by
the direct LA approach demonstrated ξ-potential values close
to that of Au NPs. However, the LcF approach led to the
highest values of the ξ-potential values, reaching −47 mV for
Au–Ge NCs (Fig. S4a–c†). These differences may be a conse-
quence of the various distributions of semiconductor and gold
atoms in NCs formed by the two distinct laser approaches.

To study the changes of the electrical conductivity of NPs
due to their transformation into a composite form, they were
characterized by DLS system and a Hanna conductivity meter.
Similar trends were obtained for all plasmonic NCs syn-
thesized using various IV group semiconductors (Fig. S4d–f†).
Surprisingly, the conductivity of all pure semiconductor NPs
(9.384 µS cm−1 for Si NPs, 9.795 µS cm−1 for SiC NPs,
10.843 µS cm−1 for Ge NPs) were found to be larger than that
of pure Au NPs (7.746 µS cm−1) (Fig. S4d–f†). Such an effect
can be probably caused by the laser-assisted material nanos-
tructuring, which leads to the size variation of NPs formed
from different chemical elements. This considerably affects
their electrical conductivity in comparison with bulk materials,
depending on the nanostructure size. Nevertheless, the electri-
cal conductivity of all NCs prepared by the LA approach was
larger than that of all pure NPs (Fig. S4d–f†), while the electri-
cal conductivity of all LcF-synthesized NCs was similar to the
corresponding pure semiconductor NPs (Fig. S4d–f†):
(11.988 µS cm−1 vs. 8.692 µS cm−1 for Au–Si NCs, 12.446 µS
cm−1 vs. 8.874 µS cm−1 for Au-SiC NCs, 15.129 µS cm−1 vs.
10.262 µS cm−1 for Au–Ge NCs). The better electrical conduc-
tivity of all NCs formed by direct LA in comparison with LcF
can be mainly explained by the higher content of gold atoms
in the case of direct LA, despite their similar sizes (Fig. 5d–f ).
Moreover, the different structure of NCs or distribution of the
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semiconductor and metallic elements may play a significant
role, which will be separately studied by means of X-ray and
TEM-EDX techniques.

To investigate the plasmonic properties of the metallic-
semiconductor NCs, the absorbance spectra of single- and
multi-element NPs were analysed. Firstly, the optical properties
of the single-element pure semiconductor nanostructures (Si
NPs, SiC NPs, Ge NPs) showed no plasmonic features (Fig. 6)
that fully correspond to the literature data. However, the laser-
synthesized NCs based on all used IV group semiconductors
exhibited clear plasmonic responses corresponding to nano-
structured gold (Fig. 6). The appearance of the clear plasmonic
absorption in the semiconductor-based nanostructures is due
to their merging with noble metal nanostructures. It is worth
noting that all plasmonic NCs formed by the direct LA
approach possessed considerably stronger plasmonic absorp-
tion than that prepared by the LcF approach (Fig. 6). Such
behaviour may be due to a larger amount of Au atoms in NCs
formed by direct LA in comparison with LcF (Fig. 5d–f ). The
larger absorbance of composite NPs at the violet-blue spectral
range as compared to pure ones may be due to the contri-
bution of the semiconductor nanostructures, which show a
higher response at this range (Fig. 6).

To study the emission properties from the laser-synthesized
plasmonic IV group nanocomposites, their aqueous colloidal
solutions were irradiated by UV light (4 eV) provided by a Xe
lamp, and the signal was collected through an excitation
double monochromator (2 nm bandwidth). Firstly, all spectra
demonstrated a sharp feature at ∼3.65 eV (340 nm) (Fig. 7)
that redshifted with the decrease of the photon energy,
accompanied with the exponential reduction of the signal
intensity (Fig. 8). To clarify the mechanism of this signal, their
PL was further compared with that of the pure deionized water
obtained under the same experimental conditions. Evidently,
it gave no emission signals in the selected spectral range,
except for a similar sharp feature at the same emission photon
energy (Fig. S5†). Thus, one can conclude that the signal came
from the used liquid medium due to Raman scattering,48 and
can be disregarded from further analysis. Similar to pure
water, both semiconductor and gold single-element NPs pre-
pared by IR ps laser ablation in the aqueous environment also
demonstrated the absence of any emission signals. This is
fully in line with our previous study, where this kind of large
NPs exhibited strong nonlinear optical properties without PL
due to the absence of quantum confinement of the photo-
excited charge carriers.44,49–51

Surprisingly, the restructuring provided by the direct LA
approach promoted the appearance of a considerable multi-
band emission in the blue spectral range for all studied NCs
upon excitation by the Xe lamp (Fig. 7). These complex PL
spectra were fitted using 5 Gaussian curves, including one for
the observed Raman response (Fig. 7). One can distinguish
several strong emission bands predominantly in the blue part
of the visible range at 3.1–3.4 eV (355–395 nm) and 2.8–3.0 eV
(415–445 nm), depending on the used IV group element.
Moreover, some weak responses located at 2.1–2.2 eV

(565–590 nm) and 2.6 eV (475 nm) were identified under these
experimental conditions. Thus, one can expect different radia-
tive recombination mechanisms in the laser-synthesized plas-
monic NCs, leading to the observed PL bands.

The used laser processing approaches also demonstrated a
significant impact on the PL efficiency of all plasmonic NCs,
while their spectral positions remained almost the same

Fig. 6 Absorbance spectra of metallic-semiconductor NCs in compari-
son with that of corresponding semiconductor NPs: (a) Au–Si; (b) Au-
SiC; (c) Au–Ge.
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(Fig. 7). All nanocomposites formed by the LcF approach
revealed much stronger emission as compared to that prepared
by the direct LA technique: 5-fold for Au–Si NCs, 11-fold for

Au-SiC NCs, and 2-fold for Au–Ge NCs (Fig. 7 and 8). This can
point to the different amounts of centers for radiative recombi-
nation in the nanomaterials prepared by the two distinct

Fig. 7 PL spectra of metallic-semiconductor NCs prepared by LA (a, c and e) and LcF (b, d and f) approaches: (a and b) Au–Si NCs, (c and d) Au-SiC
NCs, (e and f) Au–Ge NCs (4 eV excitation photon energy, 1 s acquisition time, 5 scans).
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PLALs approaches. This difference can originate from different
processes of the interaction between the semiconductor,
metallic and oxygen elements in the laser-generated plasma
plume. In particular, a more homogeneous spatial distribution
of both gold and semiconductor elements during LcF can
promote a larger amount of smaller semiconductor nano-
clusters, as well as better defect passivation due to bonding
with gold. Thus, it can increase the PL efficiency due to (i) the
larger amount of radiative recombination channels, and/or (ii)
lower probability of non-radiative losses on the surface defects.

Moreover, these semiconductor nanodomains may be sur-
rounded by noble metal elements that provide plasmonic
enhancement of the radiative recombination channels.
Conversely, a larger amount of metal species (Fig. 5) can lead
to PL quenching, resulting in weaker emission from all NCs
prepared by the LcF approach.52,53

When analyzing PL of the low-dimensional semi-
conductors, e.g., silicon nanostructures, one often considers
the excitonic emission of silicon nanocrystallites due to the
radiative recombination of photoexcited charge carriers

Fig. 8 Excitation–emission PL mapping of plasmonic-semiconductor NCs (1 s acquisition time, 1 scan).
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affected by the quantum confinement effect.50,51 Here, the size
of the nanostructures strongly affects the efficiency and spec-
tral position of the emission.54 Indeed, smaller nanocrystal-
lites promote higher PL intensity due to the suppression of the
non-radiative recombination channel caused by a larger
exciton binding energy. At the same time, they also increase
the effective bandgap of the semiconductor nanostructures
due to a larger quantum confinement contribution. As a
result, a blueshift of the spectral position occurs for smaller
nanostructures.54 For instance, 6 nm silicon nanocrystallites
exhibit emission at around 1.3 eV, while 2 nm ones emitted at
2.0 eV.54 Thus, excitonic emission can be responsible for the
weak response observed at 2.1–2.2 eV (565–590 nm), which
may be associated with the emission from 1.5–1.8 nm nano-
crystallites.54 The PL band located at 3.1–3.4 eV correlates with
the emission from small (2–5 nm) alkyl-terminated silicon
nanoparticles consisting of ultra-small nanocrystallites.55

The origin of the blue emission of plasmonic semi-
conductor nanocomposites may be associated with the pres-
ence of different kinds of suboxides, as it was previously
shown for Si/Au NCs formed at different laser ablation times.56

The mechanism of the blue PL band has been described in
detail elsewhere.57 Briefly, electrons can be excited at different
Brillouin points when quantum-sized NPs are excited by the
UV irradiation.57 The presence of the two excitation bands
(Fig. 8) may be associated with the Γ25 → Γ15 or Γ25 → Γ2 direct
transitions.57 Afterwards, some excitons can be trapped at
different defect levels in the bandgap, associated with either
Pb-centers or gold acceptor (Ec–0.55 eV) and donor (Ev + 0.35
eV) states.56 Other excitons can migrate to the near-interface
traps that are related to the oxidized semiconductor nano-
structures, with further recombination resulting in the blue
emission.57

Apart from this, PL bands located at 2.9–3.3 eV can appear
from a complex structure formed due to the strong interaction
between gold, oxygen and semiconductor atoms, and consist-
ing of small semiconductor nanocrystals in the (sub-)oxide
matrix containing metallic impurities. Here, the defect-related
PL model (similar to the case of silicon nitride) can be appli-
cable.58 Such radiative recombination transitions can occur:
Si0 → Ev (2.9 eV) or Si–O–Si (2.6–2.7 eV), Ec → Si0 (2.1–2.2
eV).58 Emission peaks at 340, 350 and 370 nm (3.65 eV, 3.54 eV
and 3.35 eV) were also observed in thermally oxidized porous
silicon, as well as in SiO2 powder,

59 while radiative transitions
at 340 and 440 nm were detected in SiC nanostructures.60,61

Moreover, germanium nanostructures also exhibited different
PL bands in the UV-blue range, in particular, at 460 nm (2.7
eV) and 540 nm (2.3 eV).62,63

With the aim of further hyperthermia applications, the
heating efficiency of gold-semiconductor NCs was assessed
using IR (800 nm) laser irradiation. For this purpose, 1 mL of
the aqueous colloidal solutions of plasmonic NCs were firstly
stabilized at room temperature (∼24 °C) prior to the experi-
ments. Afterwards, they were continuously irradiated by fs
laser pulses for 600 s, and the temperature of the colloidal
solutions was detected by a thermal camera. The laser

irradiation absorbed by the plasmonic NCs was converted into
heat, similar to the previously described effect.41,64 The fs laser
irradiation provided a considerable heating of the colloidal
solutions, which strongly depended on the (i) irradiation dur-
ation, (ii) chosen laser processing approach, and (iii) chemical
composition of NCs (Fig. S6†). Moreover, one can highlight
the more inhomogeneous temperature distribution of the col-
loids formed by the direct LA, which was the most pronounced
for the Au–Ge nanostructures (Fig. S6†).

A longer laser impact on the colloidal solutions evidently
led to higher temperature, which gradually increased with the
irradiation duration (Fig. S6† and Fig. 9). Being irradiated for
120 s, the temperature of the plasmonic NCs prepared by
direct LA approach increased by the following values: Au–Si –
4.7 °C, Au-SiC – 2.8 °C and Au–Ge – 7 °C (Fig. S6† and Fig. 9).
The highest temperature difference achieved after 600 s laser
irradiation was: Au–Si – 8.7 °C, Au-SiC – 6.5 °C and Au–Ge –

11.9 °C (Fig. S6† and Fig. 9). Moreover, the used laser proces-
sing approaches remarkably affected the laser-induced heating
rate and the maximum achieved temperature. Indeed, all plas-
monic NCs synthesized by the LcF approach achieved a lower
temperature in comparison with the LA ones, despite being
irradiated for the same duration (Fig. 9). NCs synthesized via
LcF approach exhibited temperature differences of 1.8 °C (Au–
Si), 2.2 °C (Au-SiC) and 3.4 °C (Au–Ge) after 120 s of the fs
laser irradiation, and their maximum temperature difference
after 600 s irradiation was 5.2 °C (Au–Si), 5.1 °C (Au-SiC) and
8.8 °C (Au–Ge) (Fig. 9).

The different heating rate and temperature distribution of
the laser-generated colloidal solutions containing diverse plas-
monic nanostructures can be explained by the influence of
their different structure and chemical composition on their
thermal properties. Firstly, all IV group semiconductor
materials possess various specific heat capacity values: Si –

710 J (kg K)−1, C – 710 J (kg K)−1 and Ge – 321 J (kg K)−1.65

Thus, pure Si and SiC-based NPs ought to have similar heating
rates that should be smaller than that of Ge NPs. Secondly,
gold has the lowest specific heat capacity value {129 J (kg K)−1}
among all used elements.65 Hence, its presence in the compo-
site nanostructures should decrease their specific heat capacity
and ensure a faster heating of the plasmonic NCs, as com-
pared to pure semiconductor NPs. The increased gold content
should also contribute to the higher temperature of the
studied system.

Indeed, all nanocomposites formed by the direct LA
approach revealed a faster heating of the colloidal solutions,
achieving higher temperature as compared to the LcF one
(Fig. 9). According to the EDX data (Fig. 5d and e), all LA-
formed NCs possessed a larger amount of gold atoms in com-
parison with the LcF ones, confirming the aforementioned
hypothesis. Moreover, the various relative distributions of
semiconductor, gold and oxygen elements in NCs prepared by
different laser processing approaches can also affect their
heating efficiency, which will be studied separately. At the
same time, Au-SiC nanostructures are expected to be heated
more than Au–Si ones due to the larger concentration of gold
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atoms. However, the EDX results did not detect the content of
carbon atoms in Au-SiC NCs, leading to a remarkable deviation
of the laser-induced heating results. From this contradiction,
one can expect a considerable number of carbon atoms,
leading to a much lower contribution of gold ones that must
be verified using other techniques.

The stronger heating of Au–Ge nanomaterials as compared
to silicon-based ones can be explained by (i) the lower specific

heat capacity value of Ge in comparison with other semi-
conductor elements, and (ii) the greater amount of gold atoms.
The impact of the PLALs approach on the laser-induced
heating of plasmonic-semiconductor NCs can be due to
different mechanisms of the interaction between gold, oxygen
and semiconductor elements, which will affect the structure of
NCs, and hence, their thermal properties. To establish the
mechanisms of these differences, a deeper study of the struc-
tural and thermal properties of composite nanostructures is
required, which is beyond the scope of the current paper.

The inhomogeneous temperature distribution of Au–Ge
NCs in comparison with plasmonic silicon-based ones may be
due to the different values of their thermal conductivity. The
thermal conductivity of bulk gold and semiconductors of the
IV group is high (Au – 320 W (m K)−1; Si – 150 W (m K)−1; C –

140 W (m K)−1; Ge – 60 W (m K)−1),66 contrary to that of water
(0.6 W (m K)−1). However, the nanostructuring performed in
the oxygen-rich medium considerably reduces their thermal
conductivity values, which depend on the size, shape and oxi-
dation rate of the nanostructures. In general, the thermal con-
ductivity of germanium decreases towards ∼40 W (m K)−1,67

while that of silicon is reduced to ∼1–7 W (m K)−1.68 Thus, the
discrepancy in the thermal conductivity values of the nano-
structures and their liquid environment may lead to the
inhomogeneous heat dissipation. Hence, the used laser pro-
cessing approach can significantly affect the laser-induced
heating of multi-element nanostructures, being also depen-
dent on the used IV group semiconductor elements.

Thus, ultrafast laser processing is a very efficient way to
extend the semiconductor nanostructure performance by
merging with various metallic elements. The designed plasmo-
nic-fluorescent nanocomposites are very promising for employ-
ment in different life science applications. Moreover, their pro-
duction rate can be easily up-scaled via diffraction optical
elements (DOE) and/or flow chambers, allowing the synthesis
of a large amount of the required multi-modal nanostructures.

Conclusions

In summary, plasmonic nanocomposites were formed by
different ultrafast laser processing approaches in liquids using
various IV group semiconductor (Si, SiC, Ge) nanostructures.
All laser-synthesized NCs revealed efficient multi-band blue
(420 nm) photoluminescence, which was considerably stronger
for the LcF nanostructures. They also revealed strongly size-
dependent chemical compositions, which were more pro-
nounced for the LcF approach compared to direct LA. Higher
concentrations (∼1012 NPs per mL) of smaller (∼7 nm) ligand-
free composite NPs were also provided, showing their better
stability in aqueous medium (up to −47 mV). Furthermore, the
direct LA technique led to a better electrical conductivity (up
to 15.129 µS cm−1) and considerably stronger (∼70%) plasmo-
nic absorbance of the NCs due to the higher content of gold
atoms. The latter also ensured the more remarkable fs laser-
induced heating efficiency (up to 80%) of all plasmonic NCs

Fig. 9 Laser irradiation time-dependent heating of (a) Au–Si NCs, (b)
Au-SiC NCs, and (c) Au–Ge NCs.
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synthesized by the direct LA approach. These findings will con-
tribute toward the laser synthesis of composite multi-modal
nanostructures that can be employed for different healthcare
applications, such as optical biosensing, bioimaging and
hyperthermia, as well as considerably simplify protocols to
expand the performance of single-element NPs employed in
healthcare applications.
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