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Abstract

Ultrafast Laser Ablation Synthesis technique offers a rapid, straightforward, and eco-
friendly approach for producing functional nanomaterials in comparison to alternative
methods like colloidal chemistry. While previous studies on this have primarily focused on
synthesizing nanomaterials and characterizing their structures and properties, there remains a
significant gap in our understanding of the underlying physical processes that occur during
ablation and material formation under extreme conditions. In particular, obtaining
experimental data on transient parameters such as temperature and pressure during ablation
possess significant challenges. As a result, there is a growing interest in on-going research
efforts aimed at unravelling the formation mechanisms of a variety of functional
nanomaterials and exploring their potential applications. Femtosecond laser offers a
significant advantage in its capacity to generate nanostructures through a limitless array of
solid targets and liquid mediums in a ‘green’ way. This chapter outlines the proficiency of
femtosecond laser ablation as a fundamental technique for producing nanoscale assemblies
comprising various functional materials, which exhibit intriguing physical and chemical
properties.

1. Introduction

Laser ablation is a highly effective technology widely acknowledged for its
capability in conducting direct chemical analysis of solid samples. In most cases, it eliminates
the need for prior sample preparation, enabling swift analysis of elemental and isotopic
composition. There are two main approaches for quantifying the ablated mass: one involves
measuring the photons emitted by the optically induced plasma at the sample surface, while
the other entails entraining the ablated aerosol into a gas stream and delivering it to a
secondary source. Laser-induced breakdown spectroscopy (LIBS) and laser-ablation
molecular isotopic spectroscopy (LAMIS) rely on optical emission measurements in the
plasma (1-10). On the other hand, inductively coupled plasma (ICP) coupled with mass
spectrometry (MS) or optical emission spectroscopy (OES) methods are based on



transporting the ablated aerosol [11-21)]. Although the sampling process remains consistent
(via laser ablation), the choice of detection method is contingent upon the specific
applications.

Laser ablation finds widespread applications beyond chemical analysis, including
cutting, welding, micromachining, and LASIK surgery. Despite the varied fields, the core
objective remains consistent: efficiently utilizing laser energy to remove material. Over the
past five decades, extensive research has scrutinized nearly every factor influencing the
ablation process. This process depends on a crucial factor determining effective material
removal: the duration of the laser pulse. The insights gleaned from both nanosecond and
femtosecond ablation studies, with pertinent comments on chemical analysis, drawing from
plasma generation and particle detection. Picosecond lasers are not extensively discussed due
to their relative scarcity in this domain, as applications are primarily driven by the availability
of commercially accessible lasers. Until roughly 15 years ago, nanosecond pulsed lasers
predominated, supplanting longer-pulse alternatives [22]. Although there are early references
to long-pulse laser ablation, it is largely owing to the advent of short-pulse lasers
(nanosecond and femtosecond) that chemical analysis has become feasible. It's worth noting
that much of pulsed laser ablation research is empirical, lacking a unified theory predicting
ablated mass quantity, plasma chemistry, or aerosol properties resulting from an ablation
event. Short-pulse laser ablation shows great potential due to its ability to remove material
from surfaces with a low threshold. This process involves the rapid application of energy,
causing solid material to transition into a volatile phase. One possible mechanism for this
transformation involves explosive boiling, where the matter is rapidly heated near its critical
point. For extremely brief laser pulses, additional non-thermal excitation pathways may also
come into play [23].

1.1. Femtosecond Laser Ablation

Femtosecond laser ablation has garnered significant attention for its exceptional
attributes, including rapidity, cleanliness, and high efficiency [24, 25]. When femtosecond
pulses are directed towards the target, they lead to multiphoton-absorption ionization,
resulting in the formation of a plasma plume in an environment characterized by high
temperature and pressure [26, 27]. In these extreme conditions, nanoparticles are generated
through Coulombic explosion, accompanied by simultaneous surface functionalization.
Consequently, femtosecond laser ablation stands as a convenient technique for producing
various nanoparticles, encompassing iron oxide magnetic nanoparticles, alloy nanoparticles,
and carbon dots [28-35]. In contrast to bottom-up synthetic approaches, the laser ablation
method offers environmental benefits by reducing the reliance on chemical ligands and
minimizing the residues of reducing agents. Moreover, the rapid transformation of particles
into nanostructures via laser ablation (typically within tens of minutes) suggests that this
method for preparing TMDs nanoparticles is more time-efficient compared to top-down
techniques like solvothermal approaches[36].

1.2. Fundamentals



To remove an atom from a solid using a laser pulse, it is necessary to deliver energy
exceeding the atom's binding energy. Consequently, when ablating the same amount of
material with a short laser pulse, one must apply higher laser intensity, which is inversely
proportional to the pulse duration. For instance, laser ablation with 100 femtosecond (fs)
pulses requires an intensity in the range of approximately 10" to 10* W/cm2, while ablation
with 30-100 nanosecond (ns) pulses can be achieved at intensities around 10° to 10°W/cm?
[37, 38]. At intensities above 10 to 10* W/cm?, ionization of virtually any target material
occurs early in the laser pulse's duration. For example, when an intense femtosecond pulse at
10" to 10**W/cm? interacts with a dielectric material, nearly complete single ionization of the
target happens at the beginning of the laser pulse. Following ionization, the laser energy is
absorbed by free electrons through processes like inverse Bremsstrahlung and resonance
absorption, and this absorption mechanism does not depend on the initial state of the target
material. Therefore, the interaction with both metals and dielectrics proceeds similarly when
using ultra-short laser pulses, in contrast to the situation with long pulses, where ablation of
metals occurs at relatively low intensity compared to transparent dielectrics with negligible
absorption. Another distinguishing characteristic of ultra-short laser interaction is that the
energy transfer time from electrons to ions due to Coulomb collisions is significantly longer,
on the order of picoseconds, than the laser pulse duration, which is typically around 100
femtoseconds. As a result, conventional hydrodynamics motion does not occur during the
femtosecond interaction period.

Momentum transfer from the laser field and energetic electrons to ions in the
absorption zone is governed by two primary forces: the electric field of charge separation and
the ponderomotive force. When the energy absorbed by electrons surpasses the Fermi energy,
which is a combination of binding energy and work function, it enables electrons to escape
from the target. The electric field resulting from charge separation then pulls ions out of the
target. Simultaneously, the ponderomotive force generated by the laser field in the skin layer
propels electrons further into the target, facilitating ion acceleration within the target material.
It is noteworthy that in the context of sub-picosecond laser pulses with intensities ranging
from 10* to 10**W/cmz, the former mechanism predominantly governs the ablation process,
differentiating it significantly from thermal ablation induced by longer pulses.

Femtosecond ablation is notably sensitive to both the temporal and spatial variations in
the laser pulse intensity. The Chirped Pulse Amplification (CPA) technique, frequently
employed for generating short laser pulses, can yield a primary short pulse accompanied by a
nanosecond pre-pulse or pedestal [39]. This pre-pulse, in some cases, can be sufficiently
intense to initiate target ablation on its own. Therefore, for practical implementation of a pure
femtosecond interaction mode, it is imperative to ensure that the intensity of any pre-pulse
remains below the thresholds for ablation or ionization characteristic of the nanosecond
regime. Fortunately, several methods, such as the use of nonlinear absorbers and second
harmonic conversion, can be employed to achieve high pulse contrast and meet these criteria
[40, 41].

Femtosecond laser ablation yields distinct physical characteristics compared to
nanosecond laser ablation, particularly due to the ultra-short pulse duration, which is on the



order of femtoseconds. One critical factor to consider is the relaxation time associated with
electron-phonon interactions, typically in the picosecond range. When a femtosecond laser is
focused on a bulk material's surface, the initial photon energy is rapidly absorbed by the
electrons, leading to a significant increase in electron thermal motion and temperature.
However, because of the extremely brief pulse duration, there is insufficient time for the
electrons to transfer this energy to the lattice (or ions). Consequently, the electron subsystem
attains a very high temperature, while the lattice subsystem remains relatively cool. This
results in what is often referred to as a ‘cold' ablation process.

In general, the thermal equilibrium time for metals is typically a few femtoseconds,
whereas it is in the order of nanoseconds for semiconductors or insulators. This difference is
primarily attributed to the variation in energy band gaps. The larger the energy gap, the
longer it takes for excited electron-hole pairs to reach thermal equilibrium through processes
like generation-recombination. Within the short pulse duration, two distinct temperature
subsystems exist within the target: the electronic subsystem and the lattice subsystem. These
subsystems are typically described using two coupled thermal conduction equations
representing electron-phonon coupling, collectively known as the two-temperature model for
femtosecond laser ablation.

In contrast to long-pulse laser ablation (LPLA), femtosecond laser ablation primarily
relies on mechanisms such as multiphoton ionization or tunneling ionization to generate
electrons. In this context, the presence of dopants and defects within the lattice has a
relatively minor impact on the generation-recombination of electron and vacancy pairs.
Consequently, for femtosecond laser ablation, the ablation thresholds for different materials
tend to be similar. When considering lasers with the same energy density and repetition
frequency, those with shorter pulse widths and higher peak power are better suited to meet
the ablation threshold of the target material.

The absorption of laser energy within a material occurs within a very short distance
(approximately 10 nm), leading to a rapid increase in electron temperature, plasma density,
and pressure. In insulators, high-energy electrons, generated by both thermal excitation and
multiphoton photoelectric processes, are expelled from the irradiated surface, creating a
strong electric field (around 1011 V/m) between the surface and the electron cloud. This field
persists for up to 1 picosecond [42-44]. In this electrostatic environment, ions can be ejected
from the surface through Coulomb explosion, contributing to the rapid removal of material
layers in dielectrics. In contrast, in metals and semiconductors, this process is less significant.
Free electrons in these materials quickly redistribute through diffusion and drift processes
[45].

The heating rate of electrons by the laser governs the rates of excitation and
ionization. The time it takes for the electrons to elevate the material's temperature to a high
level is on the order of tens of femtoseconds. This leads to the transformation of solid
material into plasma, provided that the laser power density reaches around 10712 (10%)
Watts/cm®The hot electrons then thermally interact with the ions and lattice through electron-
phonon coupling within 10-100 picoseconds, resulting in localized temperature increase. The



energy deposition occurs so rapidly that the material cannot evaporate continuously, leading
to the build-up of extremely high temperature and pressure beneath the evaporating surface.
This sets off a breakdown of the irradiated volume, ejection of atomic clusters through
Coulomb explosion, and the emergence of plasma from the ablation plume [46-48]. Due to
swift and isochoric heating, the temperature surges to as high as 10,000 K, followed by an
adiabatic expansion of the plasma volume. As the plume expands, it cools down due to
adiabatic expansion. The laser-induced plasma undergoes various stages during this
expansion, facilitating particle generation from the vapour phase. The entire ablation process
can extend over several microseconds, especially in the second ablation phase triggered by
nucleation, whether heterogeneous or homogeneous. This delay is attributed to the time
required for nucleation bubbles to form and grow. Several intermediate thermodynamic
pathways are observed, influenced by factors such as pulse energy and energy distribution
within the irradiated volume, including vaporization, fragmentation, phase explosion, and
spallation [50-53].

In the case of nanosecond laser radiation (around 10° to 10°W/cm?), absorption is
weaker and dependent on the material's chemical and physical properties. Absorption
typically occurs through inter-band transitions, defects, and excitations. In this long-pulse
ablation mode, the electron-to-lattice energy exchange happens much faster than the pulse
duration, resulting in partial buffering of pulse energy through plasma-light interactions. The
remaining energy is primarily consumed by heat diffusion. As a result, electrons and ions
reach equilibrium, and ablation is predominantly driven by thermal evaporation. In contrast,
in nanosecond-laser ablation, melting takes precedence, and ablation occurs through
hydrodynamic sputtering from surface instabilities like Rayleigh-Taylor and Kelvin—
Helmholtz [54, 55]. Figure 1 (a) illustrates the phase transitions during sample irradiation by
nanosecond laser, culminating in vaporization and plasma formation. Figure 1 (b) depicts a
two-step ablation process involving the initial formation of hot electrons and a cold sample
array, followed by electron heating and plasma explosion. Figures 1 (c) and (d) provide visual
representations of the plasma plume resulting from surface irradiation by nanosecond and
femtosecond lasers, respectively [56].
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Figure 1. Ablation models encompass two key approaches: (a) the classical ablation model,
and (b) the two-temperature model, which forms the foundation for the ultrafast ablation
model. Regarding the interaction between a beam and matter, two distinct types are
considered: (c) classical beam-matter interaction, and (d) ultrafast beam-matter interaction
[56].

2. Synthesis of Functional Nanomaterials using Ultrafast Lasers

Over the past decade, functional nanomaterials have an astonishing impact on our
daily lives. Progress in the nanomaterials science and its breakthrough developments are
underpinned to a great extent by new smart advanced functional materials with outstanding
properties. Within this context, extensive research efforts have been devoted to the design of
new nano-devices based on their synthesis, engineering, and functionalization. These novel
materials, notable for their extremely small feature size, i.e., from the atomic to nano-scale
and further, have the potential for wide-ranging applications. These new generation high-
performance materials have been attracting much attention due to their extraordinarily high
synergetic and complementary behavior in the nano-level. To meet the fast growing
performance demands (technological and industrial) like miniaturization and accuracy,
synthesis of such materials require simultaneous advances. Hence future research
explorations on ultrafast synthesis of novel nanomaterials will enhance the possibility of
designing next generation unique nano- devices with high-level performance efficiency.

2.1. Liquid Phase Laser Ablation



Laser Ablation in Liquid (LAL) is an advanced technology known for its extremely
rapid cooling capabilities (with a cooling rate of up to 10*° Ks™). It is widely utilized in
the design and production of nanoparticles, leading to the synthesis of a significant
number of unique metastable nanoparticles with distinctive properties in recent decades.
The core principle of LAL involves using a high-energy laser to bombard and heat target
materials in a liquid state. This process causes the local target material to melt into a
metal droplet, and the high temperature leads to rapid evaporation of the surrounding
liquid. The resulting explosion generates a momentary high pressure in the vicinity, and
the force of this high-energy steam disperses the tiny metal droplet or plasma plume into
the surrounding liquid, inducing a powerful quenching effect. As a result, metastable
nanocrystals are formed, and the surrounding liquid transforms into a colloidal solution.
According to researchers, the pressure and temperature within the bubble can reach as
high as 10"7-10"8 Pa and up to 3,000 K, respectively [56-61]. The various forms of LAL
technology, including millisecond, microsecond, nanosecond, femtosecond, and
picosecond, are categorized based on different laser emission devices. Compared to other
methods for synthesizing nanomaterials, LAL offers several advantages: (1) it is
environmentally friendly, using simple raw materials without generating by-products or
requiring catalysts; (2) it is versatile and applicable to a wide range of materials and
solvents, enabling the synthesis of diverse forms of nanocrystals and holding great
potential for nanomaterial development; (3) LAL can be conducted at room temperature;
and (4) it allows for precise control over the phase, size, and shape of nanocrystals
through specific auxiliary strategies or direct adjustment of laser parameters [62]. Given
its potent quenching effect, laser technology holds immense promise in the field of
nanomaterial synthesis. Such generated nanomaterials especially nanohybrid materials
have multifunctional applications [63-67].

3. Femtosecond Laser Induced Synthesis Strategies

3.1. Generation of transition metal dichalcogenides (TMDs) quantum dots

Heavy metal-free quantum dots, transition metal dichalcogenides (TMDs) and boron
nitride (BN) quantum dots (QDs), have garnered significant attention due to their
desirable properties, such as excellent thermal conductivity, chemical stability, and
unique optical characteristics. While various methods have been employed to synthesize
TMDs, most of these methods are plagued by their time-consuming and complex nature,
which restricts the potential applications of TMDs. Here, an expedited and
straightforward approach for producing high-quality molybdenum disulfide (MoS;) QDs
and tungsten disulfide (WS;) QDs are established. This method is based on the combined
use of femtosecond laser ablation and sonication-assisted liquid exfoliation.

Tungsten disulfide (WS,) and molybdenum disulfide (MoS;) quantum dots (QDs)
were synthesized using a two-step method involving femtosecond laser ablation and
sonication-assisted liquid exfoliation in N-Methyl-2-pyrrolidone (NMP) as the solvent
which is illustrated in figure 2. In the first step, bulk MoS, and WS, powders were
subjected to femtosecond laser ablation, resulting in the formation of small multilayer



nanoparticles of MoS, and WS,. Subsequently, these multilayer nanoparticles were
further exfoliated into quantum dots (QDs) through ultrasonic treatment. After
completing these two steps, the final product was faint yellow solutions containing MoS,
and WS, QDs. The choice of NMP as the solvent was based on its ability to match the
surface energy with the van der Waals forces of the MoS, and WS, layers, which
facilitated the exfoliation of the multilayer nanoparticles into monolayer QDs [69].
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Figure 2. The process for synthesizing Transition Metal Dichalcogenides Quantum Dots
(TMDs QDs) using a combination of femtosecond laser ablation and sonication-enhanced
liquid exfoliation. [68]

Transmission electron microscopy (TEM) was employed to analyze the microstructure
and size distribution of the MoS, and WS, quantum dots (QDs). The TEM samples were
prepared by placing a small droplet of the TMDs QDs solution onto a copper grid with a
thin, transparent carbon film. As depicted in 3(a) & (b) the average lateral dimensions of
the MoS; and WS, QDs were approximately 3.7 nm and 2.1 nm, respectively. The high-
resolution TEM (HRTEM) images in the inset of figure.3 (a) & (b) affirm the well-
crystallized nature of both QDs. The measured d-spacing of the MoS; QDs was 0.19 nm,
corresponding to the (105) facet of the MoS; crystal. Likewise, a lattice spacing of about
0.2 nm could be attributed to the (006) plane of the WS, crystal, confirming the identity
of these QDs as either MoS; or WS, QDs [70, 71].
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Figure 3 TEM & HRTEM images of the (a) MoS; and (b) WS, QDs [68].

Femtosecond laser ablation can be successfully employed to reduce bulk MoS; and WS,
into minute nanoparticles, followed by an ultrasonic treatment to further exfoliate them
into MoS; quantum dots (QDs) and WS, quantum dots (QDs). Additionally, this study
presents an efficient, economical, and straightforward method for producing transition
metal dichalcogenides QDs as well as other two-dimensional nanomaterials.

3.2. Fabrication of Hybrid Nanoparticles

A one-step and lithography-free laser-induced dewetting process of bi-layer
nanoscale-thickness gold-silicon films on a glass substrate can be done using a
femtosecond laser. This technique enables the creation of hybrid nanoparticles,
highlighting their superior performance compared to simple metallic dielectric
nanostructures, despite the traditionally challenging and time-consuming nature of their
fabrication. Hybrid nanoparticles (NPs) are produced by utilizing a setup depicted in
Figure 4, which is based on a commercially available femtosecond laser system. This
system, the femtosecond oscillator TiF-100F from Avesta Project located in Troitsk,
Moscow, Russia, emits light with a central wavelength of 790 £ 5 nm. The laser pulses
have duration of 100 femtoseconds and are generated at a repetition rate (RR) of 80 MHz.
The laser radiation is controlled by an acousto-optic modulator (AOM) and passes
through a motorized attenuator, indicated by the dashed rectangle in Figure 4.
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Figure 4. (a) The experimental arrangement employed for particle production is depicted,
with an additional detail highlighting the creation of an array of hybrid nanoparticles
through the precise laser ablation of a patch from a bilayer film composed of Au and Si,
situated on a glass substrate (b) An image captured using High-angle Annular Dark Field
Scanning Electron Microscopy (HAADF-SEM) displays hybrid nanoparticles [72]

Energy Dispersive X-ray (EDX) measurements of individual NPs (Figure 3)
reveal the coexistence of gold and silicon atoms, along with oxygen and hence support
support the hypothesis of a complex internal microstructure formation. Specifically, in the
case of hybrid NPs produced from a 30/180 nm Au/Si film, the measurements indicate an
average composition of 20.3 £ 7.3 atomic percent of gold and 25.4 = 8.4 atomic percent
of silicon, which is shown in figure 4 b. The accompanying legend in figure 4(b) provides
the atomic percentage composition of gold and silicon, determined via Energy Dispersive
X-ray Spectroscopy (EDX), at specific positions marked by numbers 1 to 4 [72]. This
fabrication technique enables the production of sizable nanostructures, reaching diameters
of up to 1 um, while also allowing for accurate positioning.

3.3. Femtogels of Reduced Graphene Oxide

Ibrahim et al presented a groundbreaking technique is presented in this study for
producing reduced graphene oxide gel at room temperature, without the need for any
additional chemicals or agents [73]. This innovative process involves subjecting a highly
concentrated solution of single-layer graphene oxide flakes to high-intensity femtosecond
laser pulses. A high-intensity femtosecond laser, with pulse energy of 250 wJ, pulse
duration of 100 fs, and a focal length of 5 cm, was used to irradiate an ultrahigh
concentration aqueous solution of graphene oxide containing single-layer flakes ranging
in size from 0.5 to 5 p. The laser is precisely focused at the interface between the air and
the aqueous solution, which enhances the vaporization of functional groups and water,
ultimately leading to the formation of femtogel. By adjusting parameters such as pulsed
laser intensity, beam focal characteristics, and pulse duration, it is possible to generate
several milliliters of femtogel in as little as 8 minutes. The resulting material possesses
physical and chemical properties akin to a monolayer graphene sheet.



A highly viscous femtogel is created by directing a femtosecond laser onto the
surface of an extremely concentrated single-layer flake graphene oxide solution in water.
This process eliminates hydroxyl and carboxyl functional groups, along with water
molecules. Reduction of the graphene oxide and the formation of the gel happen
simultaneously, taking only a few minutes at room temperature. This enables the
production of compact, stratified thin films using the femtogel.

3.4. Nanodiamonds by femtosecond laser

Carbon nanomaterials, such as nanodiamonds, display unique attributes,
encompassing improved thermal, electrical, mechanical, and biological characteristics.
Initially identified in meteorites, nanodiamonds have been observed to possess
biocompatibility, non-toxicity, and distinctive optical features. Nanodiamonds measuring
less than 5 nm in size can be synthesized directly from ethanol through the application of
a femtosecond laser with a wavelength of 1025 nm. The absorption of laser energy by
ethanol exhibits a nonlinear increase beyond 100 microjoules, giving rise to a white light
continuum due to the phenomenon of femtosecond laser filamentation.

In this experiment, 500 femtosecond (fs) laser pulses with a wavelength of 1025
nanometers (nm) and a repetition rate of 1 kilohertz (kHz) were focused into ethanol
contained in a quartz cuvette. The setup is illustrated in Figure 5a, The critical power
required for self-focusing in ethanol was calculated as an approximate value of 1.5 x 106
watts. By varying the laser energy from 10 microjoules (uJ) to 650 pJ, the laser power
ranged from 1077 to 10”9 watts, which is approximately 1 to 3 orders of magnitude
higher than the critical power needed for self-focusing in ethanol. Figures 1b to 1e depict
the side view of the fs laser irradiation captured by a CCD camera, with laser energies
ranging from 180 to 626 pJ. As the laser energy increased, filaments were observed
forming before the geometrical focus of the laser beam, resulting in a streak along the
laser axis that was transmitted through the bottom of the quartz cell [74].
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Figure 5 (a) experimental set up and effects of pulsed femtosecond (fs) laser exposure on
ethanol from a side view. The incident laser energy levels are as follows: (b) 141 uJ, (c)
262 W, (d) 410 wl, and (e) 626 ulJ. The arrows indicate the spots where emission occurs,
and the dotted line signifies the focal point of the laser beam. These images were captured
using a shutter speed of 1/1000 second, while the laser operated at a repetition rate of 1
KHz [74].

3.5. Monolayer MoS; Quantum Dots

Utilizing temporally shaped femtosecond laser ablation in water represents an
innovative, efficient, and one-step method for producing consistent monolayer MoS,
quantum dot. These ultrashort-pulsed, high-intensity femtosecond lasers, with peak power
densities exceeding 10 Wi/cm? introduce nonthermal effects and nonlinear
nonequilibrium processing, enabling the potential for monolayer photoexfoliation of two-
dimensional materials. By employing temporally shaped femtosecond lasers, we can
enhance MoS; nanomaterial production rates, particularly uniform, small MoS; quantum
dots. This outcome arises from a blend of monolayer MoS, photoexfoliation and water-
induced light absorption via photoionization, controllable through pulse shaping [75].
This approach offers notable benefits: significantly reduced preparation time, eco-
friendliness by ablating bulk MoS, in water, yielding high-purity MoS, quantum dots
without the need for metallic additives or chemical agents. The use of temporally shaped
femtosecond lasers offers distinct advantages: it enables the creation of uniform
monolayer MoS, quantum dots with a size range of 1-5 nm and produces high yields
(36.73 wt%) of small monolayer MoS, quantum dots.

The experimental setup for temporally shaped femtosecond laser ablation is
illustrated in Figure 6[6]. In this setup, a standard femtosecond pulse is transformed into
two subpulses (with an energy ratio of 1:1 and a total laser fluence of 0.77 J/cm?). These
subpulses can be temporally separated within a time frame ranging from 0 to 10 ps. The
mechanism involves multilevel photo exfoliation of monolayer MoS, and enhanced light
absorption through water photoionization. This process is initiated and precisely regulated
using a temporally shaped femtosecond laser, as depicted in Figure 6 [75].
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When the first subpulse irradiates, electron-hole recombination lasts 2-100 ps.
The second subpulse (10 ps delay) enhances Coulomb repulsion, leading to second-
level photo exfoliation (small monolayer MoS; QDs). The first subpulse ionizes water
molecules (200 fs to 13 ps) and boosts light absorption for the second subpulse,
increasing MoS; QD vyield. In single-pulse ablation, higher fluence results in thermal
processes, yielding larger nanosheets/nanoparticles. Pulse shaping enhances MoS;
nanomaterial production, favoring small, uniform MoS, QDs. Tailoring laser power
and the delay between two subpulses within a pulse train allows for the creation of
uniform-sized MoS, quantum dots with a heightened production rate. To further
enhance production rates, exploring multi-beam parallel processing and optimizing
laser parameters, such as scan speed, wavelength, and pulse delay, offers additional
avenues.
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3.6 . Twin Graphene quantum dots

Twin graphene has the capacity to induce enduring and extensive defects in
energy band configurations, resulting in distinct electron transport characteristics [76].
These attributes hold promise for potential uses in magnetism, spin transport, and
photoluminescence applications, fostering innovation and technological progress.
Electric-field-assisted temporally-shaped femtosecond laser ablation in a liquid
(ETLAL) is employed to create graphene quantum dots (GQDs) featuring an average
size of 2-3 nm and a surface modified with oxygen-containing functional groups. This
innovative method enables the controlled synthesis of both single crystal and twin
GQDs (5-fold twin). It achieves this by manipulating the crystallinity of GQDs in two
ways: first, by applying an electric field to direct the motion of cavitation bubbles and
nanoparticles, facilitating collision and crystallization at elevated temperatures and
pressures, a key factor in twin GQD formation. Second, by adjusting the temporally-
shaped femtosecond laser pulse delay, the proportion of Coulomb explosion during
ablation can be controlled, increasing the carbon clusters provided by the cavitation
bubble and influencing the polyploid nature of twin GQDs [76].

Monolayer or bilayer graphene quantum dots (GQDs) featuring controlled
defects, uniformity, and small size (average size of 2-3 nm) were successfully
produced using Electric-Field-Assisted Temporally-Shaped Femtosecond Laser
Ablation in a Liquid (ETLAL) of graphene dispersion. The experimental setup for this
process is depicted in Figure 8.
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Figure 8: the schematic for the controlled preparation of twin graphene quantum dots
(GQDs) through the Electric-Field-Assisted Temporally Shaped Femtosecond Laser
Ablation in Liquid (ETLAL) of graphene dispersion. Schematic of experimental
setup(a), the figure showcases different phases of the process, including the plasma
phase (b), the cavitation bubble phase (c), and the chemical modification phase (d),
Reproduced from Elsevier: Carbon with permission[76].

The plasma phase involves several rapid processes, including energy absorption
by graphene nanosheets, ionization, electron heating, Coulomb explosion, and plasma
formation[77]. The density of carbon clusters in the plasma, crucial for GQD
formation, can be controlled by managing the dominance of Coulomb explosion
during femtosecond laser ablation. Temporally-shaped femtosecond laser pulses split
a single pulse into two subpulses, affecting electron interaction and ionization,
ultimately regulating the C-cluster density in the plasma, an essential factor in twin
GQD nucleation[76]. Temperature remains relatively stable during ablation, allowing
for controlled crystallinity.



Controllable synthesis of twin GQDs is achieved through ETLAL of graphene
dispersion. Laser parameters, especially temporally-shaped femtosecond pulses,
control Coulomb explosion, affecting cavitation bubble composition. An external
electric field enhances temperature and pressure, increasing collision probability and
yielding twin GQDs. In ETLAL-based GQD preparation, pulse shaping influences
size and layer count, while the electric field impacts crystal structure. Controlling the
synthesis of twin GQDs was accomplished by adjusting electric fields and
femtosecond laser parameters. It highlights that (1) Coulomb explosion in laser
ablation generates the primary source of polycrystalline nanocrystal nuclei, increasing
twin GQD proportions. (2) This approach effectively directs cavitation bubble
movement, allowing crystal nuclei collisions at higher temperatures and pressures,
critical for twin GQD formation. (3) Simultaneously, laser ablation and electric field
ionization produce oxygen-containing functional groups that modify unsaturated
carbon atoms on the edges and grain boundaries of twin GQDs. This offers a swift
and eco-friendly method for efficiently preparing twin QDs, contributing to 2D
material crystallization and defect engineering.

MoSe, 2H/1T hybrid nanoparticles

Hybrid nanoparticles of MoSe, in the 2H/1T phases are synthesized by
femtosecond laser ablation of MoSe2 powder in isopropyl alcohol using varying laser
powers and ablation durations, with a focus on understanding the mechanisms
underlying their formation[78]. In contrast to other methods, which involved long-
duration, high-power femtosecond laser ablation of TMDC powders in liquid for over
30 minutes, the spherical nanoparticles could be produced through either short-
duration ablation at high power or extended ablation at low power. This onion-like
nanoparticle exhibits a layered shell and an amorphous core, a structure that has been
documented in prior studies utilizing nanosecond lasers for ablating MoS, bulk
materials.

In Figure 9, the production yields of nanoparticles, synthesized at a constant
ablation duration of 10 minutes with varying laser powers, are depicted. The
production yield is determined by the ratio of the synthesized nanoparticle weight to
the original powder weight. The weight of the nanoparticles was quantified using light
absorbance in adherence to the Beer-Lambert law[79], following centrifugation to
eliminate residual powder. It's noteworthy that the production yield demonstrated an
increase with escalating laser power, reaching saturation.
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Figure 9: a,b) The production yields of MoSe, nanoparticles generated through laser
ablation at varying power levels for 10 minutes (a) and MoSe; nanoparticles produced
by laser ablation at a constant power of 0.15 W for different ablation durations (b). c—
I) The size distributions of nanoparticles formed through laser ablation at 0.07 W for
10 minutes (c), 0.15 W for 10 minutes (d), 0.3 W for 10 minutes (e), 0.6 W for 10
minutes (f), 1.5 W for 10 minutes (g), 2.5 W for 10 minutes (h), 0.15 W for 20
minutes (i), 0.15 W for 30 minutes (j), 0.15 W for 45 minutes (k), and 0.15 W for 60
minutes (1), Reproduced from Wiley: Advanced materials with permission [78].

The observed trend aligns with filament length, indicating that a greater laser
ablation area correlates with a heightened production yield. Notably, the highest yield,
reaching 93%, was attained with laser powers of 1.5 W and 2.5 W, affirming the
efficiency of the PLAL method in nanoparticle synthesis. During the process, powder
particles were observed to circulate around the central location of the laser beam,
positioned at the vial's center. It was evident that larger particles had a diminished
likelihood of being ablated by the laser beam, primarily because they were more
susceptible to circulating further from the vial's center due to the amplified centrifugal
force. The observed plateau in production yield, beyond the 1.5 W laser power level,
is likely attributed to the challenge of achieving comprehensive ablation of certain
large powder particles within the relatively brief 10-minute timeframe. This
phenomenon may have hindered the production yield from continuing to increase. In
Figure 9c-h, the size distributions of nanoparticles synthesized over 10-minute
duration at various laser powers are depicted. These samples exhibited a bimodal size
distribution pattern, characterized by two distinct populations. The first group
comprised smaller nanoparticles with narrow size dispersion (Peak 1), while the
second group consisted of larger nanoparticles displaying broader size dispersion
(Peak 2). To examine the impact of laser ablation time on MoSe, nanoparticle
properties, MoSe, powder was ablated at a relatively low power of 0.15 W (to prevent
significant oxidation) for durations of 10, 20, 30, 45, and 60 minutes. The results
revealed that production yield increased with ablation time (Figure 9b), peaking at



69% for the 60-minute sample. Size distributions of nanoparticles synthesized at 0.15
W for various ablation times are shown in Figure 9 d, i-I.

Here two distinct types of spherical nanoparticles are observed: onion-structured
nanoparticles, resulting from nucleation on melted droplet surfaces followed by
inward growth of {002} planes of MoSe,, and polycrystalline nanoparticles formed
by the coalescence of crystalline nanoclusters fragmented from the powder during
laser ablation. The nanoparticle size in the samples exhibits a bimodal distribution,
reflecting different fragmentation mechanisms. The transition from the 2H to the 1T
phase in the nanoparticles is likely due to electron doping from the laser-induced
plasma [80]. Furthermore, the Photo-thermal conversion efficiencies (PTCEs)[80-82]
of the nanoparticles increase with higher laser power and ablation time, with the
highest PTCE reaching approximately 38%.

An investigation of the bandgaps and Urbach energies of these nanoparticles
reveals that their elevated Photo-thermal conversion efficiencies (PTCEs) are
predominantly linked to defects and structural disorder within the laser-synthesized
nanoparticles. These imperfections enable the absorption of photons with energies
below the bandgap energy and promote the non-radiative recombination of
photoexcited carriers. This phenomenon underscores the significance of structural
irregularities in enhancing the nanoparticles' light-absorption and energy conversion
capabilities, shedding light on their potential for various applications.

MoS, QDs/GQDs.

The extensive interest in the field of electrocatalysis has been significantly
fueled by the zero-dimensional quantum dots (QDs) of transition-metal
dichalcogenides (TMDs) due to their exceptional characteristics, including superb
catalytic activity, abundant catalytically active sites, size constraints, edge effects, and
enhanced intrinsic conductivity[83].

MoS;, quantum dots are highly promising catalysts for hydrogen evolution
[84,85] due to their edge-related catalytic activity, resembling enzymatic centers with
coordinative unsaturation. Additionally, the limited intrinsic conductivity of
semiconducting 2H-MoS, QDs further hampers their HER performance, making it
essential to boost both active site density and intrinsic conductivity to improve
catalytic efficiency. Efforts to enhance the electrocatalytic properties of MoS; QDs
have primarily focused on employing 2D/3D bulk materials, like combining 2H-
MoS, QDs with graphene flakes, incorporating MoS, QDs with gold and embedding
MoS; nanodots into NiNi Prussian blue analogue nanoplates. Reduced graphene oxide
(rGO) has stood out as a well-explored choice in these studies due to its remarkable
conductivity and substantial surface area, aiming to advance MoS, QD
electrocatalysis. In electrocatalysis, rGO is a preferred support due to its high
electrical conductivity and extensive surface area, while GQDs exhibit superior
catalytic activity [86,87], particularly in hydrogen evolution reactions, offering the



potential for improved electrocatalytic processes with their edge-enhanced
performance.

A highly efficient and precisely controlled approach is introduced for the one-
step fabrication of closely interconnected 1T-2H MoS,/N-rGO quantum-dot
heterostructures through spatially shaped laser ablation in liquid (LAL)[88]. The
process attains a remarkable QD vyield of 75.16 wt%, affirming the practicality of
mass-producing these quantum dots through the LAL method. This innovative
technique demonstrates significant promise for scalable and controlled synthesis in
the realm of quantum-dot heterostructures. To create MoS,/N-rGO, the procedure
involved directing a spatially shaped laser into a solution containing NH3 through the
use of a cylindrical lens, as depicted in Figure 10 [88]. Drawing from existing
literature and the results of characterizations, a straightforward mechanism was
established to explain the laser-assisted exfoliation and synthesis of tightly
interconnected heterostructures. This mechanism provides insight into the processes
involved in the preparation of these materials.

The samples exhibit a uniform distribution pattern. The heterostructures'
thickness measures approximately 1.2 nm, give successful exfoliation of MoS, and
GO to monolayer form and establishing a well-matched interface between MoS, QDs
and rGO QDs. This phenomenon underscores the LAL method's ability to promote
charge transfer and foster the creation of strongly interconnected quantum dot (QDs)
heterostructures. Utilizing Gaussian light for this preparation method displays lower
efficiency due to a smaller laser irradiation area at the same laser fluence, potentially
leading to reduced hydrogen evolution reaction (HER) performance. The significant
benefits of laser-assisted exfoliation and its effectiveness in controlling morphology.
The assembly of a 0D/0D heterojunction combining MoS; quantum dots (QDs) and
graphene quantum dots (GQDs) holds significant promise for advanced
electrocatalysis by capitalizing on the strengths of both materials. This junction
optimizes the electronic configuration at the interface of MoS, QDs and GQDs while
simultaneously enhancing the catalyst's electrical conductivity through their
synergistic effects. Additionally, it is widely established that the metallic 1T-phase
MoS, outperforms the semiconducting 2H-phase, primarily due to an increased
number of catalytic sites, encompassing both edge sites and catalytically active basal
planes, along with improved electrical conductivity.
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Figure 10: the formation mechanism of MoS,/N-rGO quantum dots (QDs)
heterostructures through a Laser Ablation in Liquid (LAL) process using a 2H-
MoS,/GO mixture. The LAL process involves plasma emission, exfoliation, and
Coulomb repulsion, leading to local 2H-1T phase transitions in MoS2. The detailed
reaction mechanism of MoS,/N-rGO QDs prepared via LAL shows a photoinduced
charge transfer process occurring at the heterostructure interface. Additionally, GO is
reduced to rGO by the photogenerated electrons, while excess holes are neutralized by
hydroxyl anions generated through laser ionization of ethanol molecules,
strengthening the interlayer coupling between MoS; and rGO. These unique structures
facilitate water splitting through a combination of morphology and electronic effects,
with S atoms from different phases represented using distinct colors. High-resolution
TEM (HRTEM) micrographs of C-MoS,/N-rGO-0.65 and its simulated model are
also depicted Reproduced from Elsevier: Chemical engineering with permission [88].

The incorporation of phase transition and a conductive support into 2H-MoS,
guantum dots (QDs) is anticipated to enhance both the quantity of accessible active
sites and the conductivity of these electrocatalysts, resulting in outstanding catalytic
performance. However, despite these apparent advantages, conventional methods for
creating 0D/OD heterojunctions can lead to slow hydrogen evolution reaction (HER)
kinetics[89,90] due to stochastic physical interlayer connections and insufficient



modulation of the electronic structure. To overcome these challenges and optimize
HER kinetics, further advancements in the design and fabrication of 0D/OD
heterojunctions are necessary in the pursuit of efficient electrocatalysis.

MXene Quantum Dots/LRGO composite

Balancing the transparency of ultratransparent electrodes with their energy
storage capacity has been a longstanding challenge in optoelectronics and energy
technology[91,92]. To address this issue, a novel in-situ approach has been
introduced, employing temporally and spatially shaped femtosecond laser technology
to synthesize MXene quantum dots (MQDs). These MQDs are seamlessly integrated
with laser-reduced graphene oxide (LRGO)[92], resulting in outstanding
electrochemical capacitance without compromising ultrahigh transparency. This
innovative technique holds significant potential for advancing transparent electrodes
with improved energy storage capabilities, offering valuable applications in the realms
of optoelectronics and energy technology.

Integrating unique MQDs into LRGO significantly boosts the electrode's
specific surface area, benefiting from their nanoscale size and additional edge
states[91]. The resulting MQD/LRGO supercapacitor demonstrates exceptional
characteristics, including remarkable flexibility, durability, ultrahigh energy density,
extended cycle life, and exceptional capacitance Furthermore, it maintains high
transparency while delivering superior performance. MXenes, a category of 2D
materials, have been extensively explored for energy storage applications due to their
distinctive qualities. These include their intrinsic structure facilitating rapid ion
transport and electron supply to electrochemically active sites, environmentally
friendly properties, strong security features, and high specific capacitance.
Nanometer-scale gaps resulting from material fragmentation significantly enhance
transparency. Quantum dots (QDs), with their nanoscale diameters and favorable
optical properties, are highly transparent materials. Moreover, their extensive specific
surface area (SSA) and accessible edges make QDs excellent electrode materials for
supercapacitors, as evidenced by multiple studies.

A temporally and spatially shaped femtosecond laser method is used to create
transparent, flexible supercapacitors by fabricating MXene quantum dot (MQD) and
laser-reduced graphene oxide (LRGO) composites, achieving both excellent
electrochemical performance and transparency. Using a temporally and spatially
shaped femtosecond laser, MXene target immersed in a GO dispersion is ablated,
resulting in a one-step preparation of a transparent composite electrode. This
technique employs a specific pulse delay (0-15 ps) with a Bessel-shaped laser (TSBL)
focused on the MXene target, leading to plasma emission. Subsequent laser pulses
continually ablate newly generated particles, reducing particle size, ensuring
uniformity, and promoting dispersion.



Furthermore, the TSBL has 3D spatial features and an extended focusing range along
the Z-axis, allowing for more effective ablation of the GO dispersion. This unique
TSBL, when temporally shaped, controls the multilevel photoexfoliation of MXenes
and utilizes water photoionization-enhanced light absorption to generate MQDs. The
spatial shaping enhances the uneven distribution of the Z-axis optical field, achieving
hierarchical optical reduction of GO and exfoliation. Unlike conventional Gaussian
femtosecond lasers and temporally shaped Gaussian lasers, the TSBL beam enables
the in-situ synthesis of electrode materials across both temporal and 3D spatial
dimensions, significantly enhancing processing quality and efficiency.

GO dispersion
solution

Figure 11: Schematic diagram showing the creation of MQD/LRGO composite
materials with a close-up view of TSBL ablation on GO dispersions and MXene
targets Reproduced from Wiley: Advanced materials with permission[91].

While laser ablating the composite materials, the colour of the solution
progressively grew lighter. This change in colour resulted from material peeling and
the quantization reaction initiated by the laser in the liquid phase. This reaction led to
the reduction of GO nanosheets into LRGO with fewer layers and smaller particles.

Figure 11 shows a partially enlarged view of the laser ablation process for the
composite material. The most intense TSBL energy interacted with the MXene target
and initiated quantization, while lower laser energy above the focal point reduced the
GO. In high-intensity laser-matter interactions, seed electrons are primarily produced
by strong electric field ionization, involving multiphoton ionization and tunnelling
ionization, initiated by the first subpulse. Excited electrons transition from bonding to
antibonding states, weakening C - O electron bonding near the valence band's top,
leading to the removal of oxygen atoms. Many free electrons are excited and gather in
the GO suspension. The second subpulse aids the reduction process by providing



sufficient kinetic energy for oxygen atoms to exit the graphene sheet as gas, without
significantly affecting carbon’s kinetic energy.

Upon irradiation by the first subpulse, heated electrons are released from the
MXene surface, and under the intense influence of the TSBL, plasma is emitted from
the MXene target. This reduces interlayer interactions among MXene nanosheets,
facilitating first-level photoexfoliation, leading to the creation of smaller, more
uniform MQDs. Subsequently, electron-hole recombination on the MXene surface
remains incomplete and enhanced ionization results in Coulomb repulsion among the
nanosheets and MQDs. After the second temporally shaped femtosecond laser pulse (a
few picoseconds later), ionization-induced charge accumulation strengthens Coulomb
repulsion, promoting the emission of secondary plasma and the photoexfoliation of
small monolayer MQDs.
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Figure 12: The comparison of the outcomes of three laser processes for MQD/LRGO
composites and illustrates the detailed reaction mechanism for TSBL processing
Reproduced from Wiley: Advanced materials with permission[91].

The results offers additional insights into the GO and MXene reaction process,
demonstrating the creation of the MQD/LRGO composite, in line with the proposed
mechanism[91]. It also compares the abilities of three lasers in synthesizing
transparent composite electrode materials: TSBL, Gaussian laser, and temporally
shaped Gaussian laser, labeled as TSBL-MQD/LRGO, GL-MQD/LRGO, and TL-
MQD/LRGO. MQDs were evenly spread across the LRGO layer. The textured LRGO
accommodated numerous MQDs on its surface and within folds, enhancing space
utilization and preventing rGO self-stacking, thereby improving performance.

Conclusion

Femtosecond laser ablation is a straightforward and distinctive technique that
overcomes limitations of conventional methods. It enables the creation of a wide range of
functional nanomaterials from diverse solid materials and precursors in different
solutions. By injecting energy in an extremely short period, ablation generates extreme



conditions with high temperature, pressure, and cooling rates, leading to the formation of
various nanomaterials and other intriguing phenomena. Notable advantages of this
approach include its versatility in producing a diverse array of nanostructures, as well as
the high purity and in-situ dispersion and functionalization of the resulting nanomaterials
in different solutions. This chapter aims to offer a comprehensive understanding of
synthesis and the underlying mechanisms of femtosecond laser induced generation of
variety of nanomaterials. It also provides a roadmap of the diverse nanomaterials
attainable through this novel synthesis route and highlights their promising applications,
serving as a foundation for future endeavours in this field.
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