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Abstract

In the last few decades, nanoparticles have become key components in a variety of appli-
cations in nanotechnology, nanoengineering, and nanoscience. Pulsed laser ablation in
liquids (PLAL) method is frequently preferred for fast and pure nanoparticle generation.
There exists a wide range of metal and semi-conductor nanoparticles that are success-
fully synthesized by PLAL method. In our research, nanoparticle synthesis of different
materials and their applications are pursued. After nanoparticle synthesis, the applica-
tion research proceeds and the scope of the research spans many subjects ranging from
sensor realization to biological applications.

Keywords: nanoparticles, nanocrystals, nanocomposites, pulsed laser ablation method,
nanoparticle applications, nanotoxicology, nanodevice

1. Introduction

In recent years, nanoparticles (NPs) have received great attention in various scientific areas
due to their unique material properties and applications. The scope of nanoscience spans
100 nm or smaller scales, where the nanoparticles show different physical and chemical prop-
erties than their bulk counterparts as the scale goes down to nano. The unique properties
of the nanomaterials led to a significant rise in the progress of nanoscience research. The
nanoparticle generation methods become a crucial part in the research due to the application
requirements. Nanoparticles could be synthesized in the laboratory environment by physical
and chemical methods [1]. One of the most promising top-down approaches for nanomaterial
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generation is PLAL method due to its various advantages. In PLAL method, pure and uncon-
taminated nanoparticles could be produced by a relatively fast process and it is also a good
candidate for mass production at a low cost.

1.1. Laser-material interaction and pulsed laser ablation in liquid method

Lasers offer a unique ability to directly deposit great amount of energy onto the specified
regions of a material to fulfill the response in demand. When the laser energy is delivered
onto the material surface, three main cases—reflection, transmission, and absorption—have a
significant role in results of the interaction. In the first two cases, after laser beam hits the mate-
rial, some amount of the incoming laser energy is reflected due to the real part of the index of
refraction and the rest of the laser energy is transmitted through the material. The reflection
from the material also depends on frequency (or wavelength) of the light source. For example,
the reflection from metals varies from 0.4 to 0.95 in the spectral range from near UV to visible
(UV-Vis) and 0.9-0.99 in the spectral range of infrared (IR) [2]. In the third case, some of the laser
energy is absorbed by the material due to its absorption coefficient (), and the laser intensity
decreases exponentially as it travels inside the material. This ability can be explained by laser-
material interaction, which depends on the internal properties of both lasers and materials.
The effects of linear optical phenomena are taken into account in the approaches mentioned
above. These cases for both material and laser are not necessarily the same for all conditions.
For instance, some of the materials have strong nonlinear properties, which affect the refractive
index variation for different wavelengths; thus, the whole process will be affected and altered
such as self-focusing, defocusing, and soliton propagation [3]. Also, laser sources could act as
an important role for the process. The laser source could be continuous wave (CW) or pulsed
(ps, fs). While continuous wave (CW) and pulsed laser processing, the single photon absorp-
tion is considered; however, in the ps or fs laser processing, nonlinear phenomena could occur
such as multi-photon absorption and optical breakdown, which cause a decrease in absorption
depths [4]. These phenomena are very important for the nanomaterial generation, and they
will be given in the PLAL. When the material absorbs the laser energy directly, the removal of
the material is observed. This phenomenon is called ablation. Laser ablation is generally con-
sidered as a pulsed laser process; however, it is also applicable with CW lasers. The ablation
of materials occurs when the laser energy becomes greater than the threshold fluence. Laser
and material parameters determine the process characteristics. The main parameters that the
laser depends on are wavelength, pulse duration, fluence, and pulse length [5]. The material
properties such as absorption, defects inside the material, and general characteristics of the
material are also important for the ablation. In the PLAL process, laser and material interact
in the liquid surrounding and a series of physical phenomenon occur. The plasma plume is
created when intense laser beam hits the solid target. The created plasma plume begins to
cool and it becomes condensed. Finally, nanoparticles will be generated through this process.
Although many synthesis and applications of nanoparticles have been demonstrated by using
PLAL method in the past decade, the main physical mechanism behind PLAL method remains
a puzzle. To understand the mechanism, Direct Simulation Monte Carlo (DSMC) calculations
have been performed to simulate the ultra-short, laser-ablated plume dynamics and nanopar-
ticle evolution under realistic experimental conditions [6].
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1.2. Outline of book chapter

In this book chapter, a variety of nanomaterial generation through PLAL method will be given
in terms of their characterization techniques, properties and applications. Nanoparticles,
nanocrystals and nanocomposites synthesis could be successfully achieved since PLAL
technique is applicable to a wide range of materials from metals to semi-conductors. Metal
nanoparticles (Au, Ag, Ti, etc.) are ablated by intense laser beam and nanoparticle generation
will be observed in organic solutions. Semi-conductor materials such as Il nitride group (InN,
GaN, and MoS2) could be generated in very small diameters and by-product free by PLAL
method. Their physical properties such as light absorption, crystal structure, and photolu-
minescence (PL) could be used in many applications. Nanodevices such as photodetectors
are fabricated successfully due to broadband light absorption of nanomaterials in differ-
ent regions of spectrum from ultraviolet to infrared. High-sensitive strain sensor, solar cell,
and memory devices have been realized with different nanomaterials synthesized by PLAL
technique. Nanomaterial properties and their application areas will be resumed in this part.
Moreover, nanoparticles produced by PLAL will be evaluated in terms of their toxicological
effects on both the environment and ecosystem and the human health.

2. Nanoparticles, nanocrystals, and nanocomposites from pulsed laser
ablation

2.1. Metal nanoparticle generation

The wide range of materials can be synthesized by PLAL method, and metals (Au, Ag, Ti, etc.)
are the most commonly generated materials due to their unique properties unlike their bulk
state. PLAL method allows a mass production due to easy and fast process. The chemical-pro-
cess-free nanoparticle generation provides noncontaminated and pure nanoparticles which
contribute to research areas such as biological and chemical sensing, medical applications and
strain gauges [7-9].

2.1.1. Gold nanoparticles

The conduction property of chemically sensitized Au-NPs is frequently studied [10]. Chemically
obtained Au-NP films tend to show exponential decay dependence due to their chemical ligands
over the Au-NPs. This behavior can be explained by quantum-tunneling effect which depends
on the width of the potential barrier. Due to this effect, it is indicated that the Au-NP films can
be used for as highly sensitive strain gauges. In principle, the presence of chemical ligands may
decrease the performance of the sensitivity. Au-NPs generated by PLAL method are used as films
on PDMS substrate to demonstrate high gain sensitivity [9]. In Figure 1a, Au-NPs are represented
as spheres, and the edges of the sensor are Pt contacts. The initial state of the Au-NP-deposited
sensor is on the left-hand side where there is no strain and the resistance of the film is denoted as
R. When the strain is applied to the sensor, the distance between Au-NPs begins to increase and
the resistance of the film becomes AR as shown in the image at the right-hand side.
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Figure 1. (a) Au-NP film-deposited strain sensors, (b) resistive response of the Au-NP film [9].

In Figure 1b, the resistance response of the Au-NP films when the strain applied is represented.
The strain response of the Au-NP sensors is formulated as AR/R = exp(ge) — 1 [11]. The G factor
of Au-NP films is reported as ~300 for strains higher than 0.22%. The high sensitivity of the
Au-NP generated by PLAL method used in the strain sensors is connected to the noncontami-
nated NP surfaces, the size of the NPs. The quantum-tunneling effect between nanoparticles
enhances the gain sensitivity due to purely obtained Au-NP by PLAL method. In comparison
to chemical NP generation method, PLAL method provides chemical-free and pure NPs. There
would not be any contaminants over the surface of the Au-NPs. Due to this behavior, quantum-
tunneling effect becomes stronger and more effective.

2.1.2. Silver nanoparticles

Nanoparticles exhibit quite different properties compared to their bulk counterparts. High
specific surface areas and mobilities, which are the results of their small sizes (<100 nm), make
them a potential risk for humans and environment [12]. Widespread production and use of
nanoparticles in different applications in medical, biological, electronic and industrial fields
might lead to unfavorable effects on both humans and a wide range of organisms [13]. Thus,
nanoparticles should be evaluated in terms of ecological and toxicological aspects for a deeper
understanding of the impacts on both humans and other organisms.

Silver nanoparticles (Ag-NPs) are one of the commonly used nanoparticles which are utilized in
therapeutics, cosmetics, food additives, textiles and antimicrobial coatings on medical implants,
catheters, wound dressings and so on [14]. Ag-NP production is mainly achieved by reduc-
ing the Ag salt but there are also other nanoparticle production methods for the synthesis of
Ag-NP, such as electrolysis, photoreduction, pyrolysis, and sol-gel methods [15, 16]. The major
drawback of these Ag-NPs produced by aforementioned methods is that the resulting Ag-NPs
are coated either with a by-product due to the chemical reaction or with other molecules on pur-
pose such as polyvinylpyrrolidone (PVP), antibodies, and surfactants. These coatings lead to
different surface chemistries which masks the real Ag-NP toxicity. Since pure uncoated Ag-NPs
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are the commonly found types of Ag-NPs in nature and in industry as products or by-products,
itis crucial to reveal their toxicity profile [17]. PLAL is the most suitable method to produce pure
uncoated Ag-NP for the evaluation of Ag-NP toxicity. Our group studied different aspects of
Ag-NP toxicity in two distinctive studies.

In both of the studies, Ag-NPs were produced in water by using a commercial nanosecond
pulsed ND:YLF laser (Empower Q-Switched Laser, Spectra Physics) (527-nm wavelength,
100-ns pulse duration, 16-W average output power, 1-kHz pulse repetition rate and 16-m]J
pulse energy). The Ag-NPs were crystalline in structure and the size distribution of these
nanoparticles was determined as 5-50 nm although there were also larger nanoparticles up
to micron sizes. The nanoparticles did not show an aggregation pattern as can be observed
from both transmission electron microscopy (TEM) and scanning electron microscope
(SEM) images. Energy-dispersive X-ray (EDX) analysis revealed that a pure Ag-NP solution
was obtained by the nanosecond laser ablation method since the only peak was the silver
peak apart from the carbon and copper peaks due to TEM grids. The characteristic UV-vis
absorption peak at approximately 400 nm also confirms the presence of Ag-NP, which is
consistent with the previous studies [18]. These characteristics are present in both the stud-
ies mentioned subsequently (Figure 2).
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Figure 2. (a) Ag-NP solution produced by PLAL. No precipitation was observed at least for 4 months. (b) Absorption
spectrum exhibited absorbance peak at approximately 400 corresponding to Ag-NP. (c) SEM image of Ag-NPs (2-mm
scale bar). (d) TEM image of the Ag-NPs (20-nm scale bar); the inset represents EDX analysis of Ag-NP [21].
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Firstly, the toxic effects of Ag-NPs on the environment were evaluated by using an aquatic
macrophyte Lemna minor as the model organism. For this purpose, dose- and time-depen-
dent toxicities were assessed. It was shown that L. minor amplifies rapidly in low con-
centration ranges; however, concentration-dependent toxicity is much less pronounced
at higher concentrations. When Ag-NP concentrations increase slightly in lower concen-
trations, there is a remarkable increase in toxicity. This might be a significant result in
ecological perspective since low amounts of Ag-NP, which might be released to the envi-
ronment accidentally, might affect the ecosystem and aquatic macroflora in a significant
manner [19].

Secondly, as indicated in the aforementioned application fields of Ag-NPs, humans fre-
quently encounter these nanoparticles in daily life. NPs can reach the brain both by systemic
circulation and through the olfactory bulb which leads to serious effects in central nervous
system [20]. It was also demonstrated that Ag-NPs are detected in different brain regions after
inhalation [21]. Our group aimed to determine the effects of Ag-NP on learning and memory,
and thus hippocampus was chosen for this study. The distribution and the toxicity of the pure
Ag-NPs produced by PLAL in the rat hippocampal slices were determined. Furthermore, it
was revealed that the size of pure Ag-NPs was crucial for the cellular uptake mechanism of
pure Ag-NPs. Phagocytosis was shown as the type of endocytotic pathway that governs the
entry of larger Ag-NPs into the hippocampal neurons. This study demonstrated that PLAL is
a substantially useful method for studying NP toxicity, since it provides pure NPs mimicking
the ones frequently used in the industrial fields.

2.2. Semi-conductor nanoparticle generation

The generation of the semi-conductor NPs is intensely studied in the past decade because
of the physical, chemical, electrical, and optical properties of the nanomaterials [22-24]. The
optical absorption and photoluminescence properties of the SC-NPs are highly related with
the size of the NPs due to quantum confinement effect and they can be widely used in the
optics and optoelectronics applications, and multi-functional nanocomposites are developed
thanks to the unique optical properties of the SC-NPs [25-27]. In this section, Si, GaN, InN,
MoS2 NC synthesis and their unique properties will be discussed.

2.2.1. Germanium nanocrystals

The thin film technology is the most commonly used method for the development of NPs,
SC-NPs and nanocomposites [28-31]. However, the downsides of this method include the
control of the film thickness, homogeneity of the film, and it is also hard to fabricate high
surface to materials. The unique properties of laser-material interaction lead to the wide vari-
ety of metal and SC material generation [32]. PLAL method offers pure and agent-free NP
generation. The photoluminescent Ge-NCs synthesis was demonstrated by ns-PLAL method;
then, the Ge-NCs were merged into the electrospun polymeric nanofiber matrix to gener-
ate functional nanofibrous composite web [33]. The generated functional nanocomposites are
represented in Figure 3. Their optical properties UV-vis absorption spectra and PL spectra
are shown in Figure 4.
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Figure 3. SEM images of (a) PVA nanofibers, (b) Ge-NCs/PVA nanofibers (the insets represent the high magnification
SEM images), (c) STEM image of Ge-NCs/PVA nanofiber [33], (d) EDX data of Ge-NCs/PVA.
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Figure 4. (a) Absorption spectra of Ge-NCs in acetone solution in UV-vis region, PVA nanoweb, and Ge-NCs/PVA
nanoweb in the solid state, (b) photoluminescence (PL) spectra of Ge-NCs in acetone solution, PVA nanoweb and
Ge-NCs/PVA nanoweb in the solid state [33].

The Ge-NCs/PVA nanocomposite represents similar photoluminescence spectra as Ge-NCs solu-
tion generated by PLAL method. Therefore, the functional polymeric nanoweb shows unique opti-
cal properties by integrated Ge-NCs generated by PLAL method in electrospun PVA nanofibres.

2.2.2. Silicon nanocrystals

Silicon is abundant in nature and environmentally friendly when compared to cadmium
when considered as a nanocrystal quantum dot to be used in color-conversion light-emitting
diodes. Moreover, ultra-small silicon nanoparticles were demonstrated to present strong
luminescence properties. Thus, different techniques to produce silicon nanocrystals (S5i-NCs)
were suggested in the literature such as ion implantation, electrochemical etching and chemi-
cal vapor deposition. These techniques generally were shown as limited for the mass pro-
duction. On the other hand, PLAL was proposed as a convenient method for the production
of Si-NCs in the literature [34-36]. Our group aimed to produce blue luminescent colloidal
Si NCs by using a two-stage process. Firstly, small particles (5-100 nm in diameter) were
produced using femtosecond laser. Then, ultrasonic and filtering post-treatment processes
were utilized as chemical-free post-treatment methods. The resulting Si-NCs were 1-5.5 nm
in diameter, which indicated the production of ultra-small Si-NCs. Moreover, PL emission
characteristic of untreated Si NCs was blue-shifted with a broadband PL emission after the
post-treatment. Thus, PLAL might be a safe and alternative method to produce ultra-small
Si-NCs to be used in biological applications owing to their chemical-free nature [37].

2.2.3. GaN nanocrystals

ITI-N-based semiconductors gained attention recently for their wide, direct and tunable band
gap from IR to UV regions to be used in optoelectronic devices [38, 39]. Specifically, GaN-
based materials were shown to be good candidates for devices in harsh environments due
to their high strength, high power, high temperature, and high frequency resistance [40].
Different growth techniques were suggested for the production of nanocrystalline GaN in
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the literature [41-43]. However, these methods result in GaN nanostructures with chemical
contaminants. PLAL, on the other hand, offers the production of chemical-free and clean
nanomaterials which can be used in various applications, including biomedical fields [44, 45].
Our group showed the production of ultra-small GaN-NCs in ethanol with a one-step PLAL
method by using a femtosecond laser. It was shown that the colloidal spherical-shaped GaN-
NCs were successfully produced and their size distribution was shown as 4.2 + 1.9 nm, which
is smaller than the doubled exciton Bohr radius. X-ray diffraction (XRD) data confirmed the
hexagonal wurtzite crystalline structure of GaN-NCs (Figure 5), which was further deter-
mined with selected area electron diffraction (SAED) pattern. Further X-ray photoelectron
spectroscopy (XPS) characterization showed the GaN-NC production. Furthermore, PLAL
method was repeated with a nanosecond laser, which resulted in the production of amor-
phous GaN-NPs with a 12.4 + 7.0 nm in ethanol. The size distribution decreased to 6.4 +
2.3 nm when nanoparticles were produced in PVP polymer, yet GaN-NPs were amorphous
in structure. GaN-NCs produced by femtosecond PLAL exhibited a 1-eV shift in UV/Vis
spectrum and a blue-shifted peak at 4.06 eV due to the quantum confinement effect when
compared to bulk GaN. Thus, these significant optical absorption and PLAL properties of
GaN-NCs produced by PLAL method imply that these nanocrystals might be powerful can-
didates for optical and biomedical devices such as biosensors and photodetectors [46].

2.2.4. InN nanocrystals

Besides GaN, with high mobility and high saturation velocity due to its low effective mass, InN
materials represent potential to be used in high speed and high frequency electronic devices [47].
Indium nitride-based light-emitting diodes show narrow band-gap values (0.7-0.9 eV) at spec-
tral wavelengths [48]. Moreover, INN-NCs might be used in biology and medicine due to their
biocompatible nature and infrared emission properties [49]. There are a number of methods
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Figure 5. Result of the XRD analysis of GaN-NPs (product) produced by PLAL with a femtosecond laser in ethanol
and the starting material GaN powder (educt). Square patterns display GaN wurtzite XRD data and triangles show few
Ga,O, peaks [46].
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described in the literature for the production of InN-NCs. However, compared to other
InN-NC synthesis methods, PLAL is a versatile method for the production of colloidal, highly
pure and contaminant-free InN-NCs. Our group demonstrated two different INN-NC produc-
tion studies by using PLAL, in which the starting material was changed.

In the first study, InN-NCs were produced in ethanol with nanosecond PLAL of HPCVD-
grown InN thin film on GaN/sapphire template substrate with different pulse energies [50].
Spherical InN-NCs within size ranges of 5.9-25.3, 5.4-34.8, and 3.24-36 nm were successfully
produced using laser pulse energy values of 8, 12, and 16 m]. The average diameter of the pro-
duced InN-NCs was 10 nm (Figure 6a—c). TEM, Raman spectroscopy and XPS analysis con-
firmed the production of InN-NCs. The UV/Vis/NIR spectrum analysis indicated the strong
absorption edge from NIR region to UV region, which makes InN-NCs suitable candidates
for photonics, optoelectronics, and biological applications [49].
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Figure 6. TEM images of InN-NCs produced with PLAL by using laser pulse energies of 8 (a), 12 (b), and 16 m] (c) with
particle size distributions (insets), InN nanocrystal (20 nm in diameter) produced with 16-m] laser pulse energy and its
crystal spacing of 2.7 A° (¢, inset) [50]. TEM images and size distribution values of InN-NCs generated with (d and g)
3-, (e and h) 4- and (f and i) 5-m] laser pulse energies. The average sizes for InN-NC were 10.84 + 0.71, 16.27 + 0.68, and
16.06 + 0.59 nm for 3-, 4-, and 5-m] laser energies, respectively. Laser energy of 3 mJ led to the smallest nanoparticles and
narrower size distribution [51].
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In the second study, to obtain ultra-small InN-NCs (<5 nm in diameter), the starting material was
determined as InN powder target rather than HPCVD-grown InN thin film. It was shown that
lower laser energy and lower ablation duration led to smaller nanoparticles. When ablation time
is increased and the smaller nanoparticles are produced, they tended to aggregate. Hexagonal
InN-NCs smaller than 5 nm in diameter were successfully produced in ethanol (Figure 6d—f) [51].

As a result, it was determined that the starting material, either a bulk target or a suspension,
affects the final nanoparticle size in PLAL. In the literature, it was previously demonstrated that
the ablation of suspensions leads to smaller nanoparticle dimensions compared to the ablation
of bulk target. The particles in the suspension were suggested to absorb all the laser energy
since they encounter a number of pulses during the whole ablation process as a result of con-
tinuous stirring. By contrast, in case of ablation of the bulk target, laser energy is absorbed only
by a specific point on the target leading to larger nanoparticles. Moreover, the nanoparticle size
at the end of the PLAL depends on the initial size of the suspended particles [52, 53].

We showed that pure INN-NCs can be successfully produced with PLAL method. Other
nitrides in the same group might also be successfully produced with PLAL. Moreover, low
decomposition temperatures might be overcome for this kind of material. Therefore, this tech-
nique might be successfully applied for the production of nanoparticles from other nitrides in
the same group. As an outlook, femtosecond laser ablation might be performed to overcome
the low decomposition temperature disadvantage of InN material.

2.2.5. MoS, nanoparticles

The different geometries of MoS, nanocrystal generation have been demonstrated by PLAL
method in different liquids [54]. 3D MoS, nanocrystals are generated in water, and 2D
MoS, nanosheets are generated in methanol as shown in Figure 7a. The optical microscope
images of the MoS, nanosheets are represented in Figure 7b. XRD analysis shows that the
MoS, nanosheets have a hexagonal crystal structure. The E1 2g and A1 g phonon modes are

CH,OH

Figure 7. (a) Scheme of the different-shaped MoS, nanocrystals in different liquids and (b) optical microscope image of
the generated MoS, nanocrystals [54].
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determined by the peaks at 380.33 and 405.79 cm™ respectively, by Raman spectroscopy.
This behavior of the generated nanocrystals in different liquids is associated with the chem-
ical properties of the liquid where the laser ablation occurs. The ab initio calculation is used
to examine the reason for the formation of 2D MoS, in methanol and 3D MoS, nanocrystals
in water which are represented to correlate with vacancy formation.

2.3. Other types of nanoparticles produced by PLAL
2.3.1. Generation of nanoparticles from biological samples

Silica is useful for many plants, and a number of plants such as grasses, rice, sugar beet, and
horse-tail contain high levels of biogenic silica [55]. Especially, sugar beet is an important bio-
genic silica source since the silica content of this plant is mostly found in bagasse, which is pro-
duced in significant amounts as a by-product in agricultural industry. On the other hand, silica
has a number of application fields, in particular in drugs, cosmetics, printer toners, varnishes
and food preservatives [53, 54]. Moreover, silica NPs are used in biomedical and biotechno-
logical fields [56]. Thus, an environmentally friendly process for the production of silica NPs
is crucial. A number of chemical methods were described in the literature for silica nanopar-
ticle production [57, 58]. However, these chemical methods have various disadvantages such
as being energy intensive, expensive, need for high temperatures, strong acidities and high
pressures [59]. PLAL might be suggested as a suitable silica nanoparticle production method
due to its versatility and low cost. Moreover, PLAL allows the synthesis of nanoparticles in
large quantities. Our group demonstrated the production of silica nanoparticles by using the
sugar beet bagasse as the target in PLAL since it contains large amounts of silica inherently. At
the same time, chemical silica nanoparticle production method was utilized for the comparison
of the end products. The successful silica nanoparticle production by PLAL was demonstrated
with several characterization methods such as SEM, TEM, and dynamic light scattering (DLS).
Silica nanoparticles with an average size of 74 nm were obtained with PLAL while chemical
method resulted in a size range of 531-825 nm (Figure 8). Besides, silica nanoparticles produced
with the chemical method resulted in a decrease in the growth of model aquatic algae. On the
other hand, silica nanoparticles produced with PLAL led to an increase in the growth of these
organisms. Due to the purity of silica nanoparticles produced by PLAL, this method might also
be accepted as an environmentally friendly process for the nanoparticle production [60].

2.3.2. Nanocomposite generation

Significantly high surface-to-volume ratio of electrospun nanofibers and nanoparticles incor-
porated into these nanofibers attract substantial attention recently. Functional nanofibrous
structures with unique physical, chemical, optical, and catalytical properties might be obtained
with this incorporation and they are used in different applications such as biotechnology, sen-
sors, photonics, optoelectronics, energy, and so on [61, 62]. Although there are two different
ways to obtain polymeric nanofibers containing NPs [63, 64], both of these approaches include
a number of optimized process for every single material and require the utilization of toxic-
reducing agents, stabilizers, protecting agents or surfactants. Our group demonstrated the suc-
cessful production of Au-NPs in PVP polymer solution with PLAL method and PVP/Au-NP
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Figure 8. (a) The diagram demonstrating the chemical and PLAL procedures used to produce silica nanoparticles from
sugar beet bagasse. The silica nanoparticle size distribution, (b) for the chemically produced nanoparticles, and (c) PLAL
[60].

solution was further electrospun to obtain uniform nanofibers. Here, PLAL was a clean, chemi-
cally safe, and less time-consuming method for functional nanofibers containing nanoparticles.
It can be suggested that other NPs can also be produced by PLAL in various polymer solutions.
Thus, functional nanofibrous composites for different applications can be further developed
depending on the NP and the polymer type [65].

3. Applications

3.1. Thin film MoS, nanocrystal-based ultraviolet photodetector

MoS, NCs-based photodetectors work well in the 300-400-nm UV range while omitting the
response at the visible range due to MoS, NC absorption properties [66]. The UV range
response of MoS, NCs generated by PLAL photodetectors gives a rise in the field of photon-
ics and optoelectronics due to their structural and optical properties. The absorption of MoS,
NCs synthesized by PLAL and the photodetectors based on them are very similar and their
photoresponsivity has a good agreement. MoS, NC-based photodetectors could be more
advantageous compared to silicon- and germanium-based photodetectors because of their
low oxidation tendency [67-70].

3.2. A plasmonic-enhanced photodetector based on silicon nanocrystals obtained through
laser ablation

A photodetector that works at visible range is fabricated and its electrical properties are
enhanced by adding Ag-NCs layer which improves the plasmonic effects where Si-NCs are
synthesized by PLAL method and Ag NCs are generated by atomic layer deposition (ALD)-
annealing technique [71]. The SEM image of the Ag-NCs is represented in Figure 9a and the
inset shows the size distribution of the Ag-NCs. In Figure 9b, the schematic representation
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Figure 9. (a) SEM image of Ag-NCs; inset: size distribution of them, (b) schematic representation of the photodetector, (c)
UV-vis absorption of Ag-NCs on quartz, (d) photo-generated current versus wavelength spectrum [71].

of the fabricated photodetector is shown where the active films (S5i-NC and Ag-NCs) are
sandwiched between insulating AL O, films. The absorption graph of the Ag nano islands
is at the visible range and shown in Figure 9c. The photo-generated currents are measured
for both cases; first one is without the Ag-NC film, and the second case is with the Ag-NC
film. In Figure 1d, the measure photo-generated current versus wavelength is represented.
The visible response is enhanced by adding Ag-NC film due to its plasmonic effects. Si-NC-
based photodetector is widely used for visible range and its electronic and optical proper-
ties could be improved by Ag-NC film because of its unique plasmonic effects.

3.3. A near-infrared range photodetector based on indium nitride nanocrystals obtained
through laser ablation

Plasmonic properties of nanomaterials enable the optical tuning of near-infrared range
plasmonic devices and they are frequently studied by many areas such as nanophotonics
and telecommunication [72]. The large portion of solar spectrum consists of NIR range and
this increases the importance of plasmonic-enhanced devices that work at this range [73].
Indium nitride nanocrystals (InN-NCs) have a NIR plasmonic resonance property [74, 75].
They also have a low band-gap energy, which is in the range of 0.7-0.9 eV, and they have
unique electronic features such as high electron mobility, which allows fabricating high
speed and high frequency electronic devices [76]. A near-infrared ranged photodetector has
been demonstrated by using InN-NCs [77]. InN-NCs are generated by PLAL method from
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chemical vapor-deposited thin film. When 1-V bias is applied to the device, 600-1100-nm
wavelength range photosensitivity is recorded. In Figure 10a, TEM images of InN-NCs syn-
thesized by PLAL method are represented. In Figure 10b, 3D scheme of photodetector is
shown, and in Figure 10c, the photoresponsivity versus wavelength graph is shown.

3.4. Enhancement in c-Si solar cells using 16-nm InN nanoparticles

To increase the performance of Si solar cells, INN-NCs are used. Higher performance
depends on the low reflection that causes light scattering which allows enhancement
between 400 and 620 nm [78]. This study was related with improving the anti-reflective
coating (ARC) layers such as texturing for light trapping and layer designing [79-83]. Due
to InN-NC coating, 9.67 and 16.42% improvements are obtained for short circuit current
density and efficiency, respectively.

Nanocrystals
—u—.0.25V
—o-— 0.5V
—A—0.75V

600 700 800 900 1000 1100
Wavelength (nm)

Figure 10. (a) TEM image of InN-NCs, (b) schematic of photodetector, and (c) photosensitivity versus wavelength graph
[77].
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3.5. Enhanced memory effect via quantum confinement in 16-nm InN nanoparticles
embedded in ZnO charge-trapping layer

The fabrication of charge-trapping memory cells with InN-NCs synthesized by PLAL method
has been demonstrated with ZnO charge-trapping layer [84]. The observed memory hysteresis is
very low without the INN-NCs. After INN-NCs enhancement, a 5-V memory window is achieved.

Figure 11. TEM images demonstrate the Ag-NP distribution in isolated rat hippocampal slice incubated with Ag-NPs, (a)
control; (b) and (c) Ag-NPs in the extracellular region; (d) Ag-NPs in the intracellular region, localized in the cytoplasm;
(e) phagocytosis of Ag-NPs. Arrows show the Ag-NPs. Scale bar for each figure is 500 nm [21].
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3.6. Biological applications

Pure uncoated Ag-NPs were used for the evaluation of Ag-NP toxicity in an aquatic mac-
rophyte and in rat hippocampus cells. It was shown that Ag-NPs led to a dose-dependent
toxicity in lower nanoparticle concentrations, which implies that accidental contamination
of water sources with Ag-NP at low doses might result in significant ecological toxicity
[19]. In the other toxicity study, the purity of Ag-NPs produced by PLAL method led to the
understanding of the importance of surface chemistry and the size for the uptake mecha-
nism of Ag-NPs into isolated rat hippocampal cells. It was demonstrated that phagocytosis
was endocytotic pathway type for the entry of larger Ag-NPs into the hippocampal neurons
(Figure 11) [21].

4, Conclusion

Nanoparticle production is a crucial part of the nanoscience which leads to several applica-
tions in physics, electronics, medicine, biology and industry. As the scale goes down to nano,
materials exhibit unique properties compared to their macroscale bulk counterparts. To reveal
such properties, reaching nanoscale material production has become an issue. PLAL is a fast
and cheap method to obtain pure nanomaterials in organic solutions. Also, it is easy to apply
to different materials since it does not require high temperature and high-pressure conditions.
The presented results demonstrate both nanomaterial generations and their applications are
successfully achieved with various materials. To sum up, PLAL is a powerful nanomaterial
generation method that is already demonstrated with different types of materials and appli-
cations successfully. Additionally, PLAL is a promising technique to become mass nanomate-
rial production with its unique properties.
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