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Abstract Optimized synthesis of nanoparticles (NPs)
increased the production of ultrapure and perfectly
spherical NPs with small(er) average sizes. Many
methods have been reported in the literature for synthe-
sizing NPs, with sizes of 0.01–310 nm. Laser ablation is
a well-known NP preparation method. It is regarded as a
physical method that needs to be carried out in a con-
trolled setting to obtain ultrapure NPs. Most studies on
laser ablation involve the preparation of many types of
NPs via the utilization of multiple targets. Since laser
pulse parameters, laser focusing parameters, and the
medium of ablation are essential factors influencing
the synthesis of NPs (size, shape, and distribution), this
study comprehensively reviews their effect to classify
and organize them for use by interested researchers.

Keywords Laser ablation technique . Laser pulse
parameters . Laser focusing parameters .Medium of
ablation ambient . Nanoparticle synthesis

Introduction

Nanoparticle synthesis routes

Nanoparticles (NPs) have seen used since the beginning of
the ninth century, where artisans and craftsmen of the
Mesopotamian age utilized gold and silver powders to
decorate pots and utensils. This phenomenon remained a
mystery up until the publication by Michael Faraday of
“Experimental Relations of Gold and Other Metals to
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Light” (Faraday 1857). The talk, titled “There’s Plenty of
Room at the Bottom” by American physicist Richard
Feynman at California Institute of Technology (Caltech)
on December 29, 1959, inspired and revolutionized mod-
ern nanoscience and nanotechnology (Feynman 2012;
Moore et al. 2008). NPs are suitable for various applica-
tions and exhibit new and unprecedented characteristics
relative to their bulk counterparts (Lindsay 2010; Moore
et al. 2008). However, the synthesis of nanoscale materials
requires specific and sophisticated handling, as per the
route of synthesis. There are two approaches, i.e.,
bottom–up and top–down, shown in Fig. 1.

Pros and cons of PLA

It is well understood that amongst the available tech-
niques for synthesizing NPs, the pulse laser ablation

(PLA) route, either in liquid or solid phase, possesses
several advantages over others.

In the liquid phase process, the experimental cost is
minimal relative to its solid counterpart. Targets required
for the synthesis are less expensive than the metal salts
and other chemicals required in the chemical routes. The
technique is known as a green route and for being highly
reproducible. Most importantly, as-fabricated NPs are
inherently surfactant-free; thus, functionalization is sim-
ple if required. The PLA technique is useful not only for
synthesizing metal NPs, but it could also be used to
synthesize semiconducting, magnetic and organic NPs
of all shapes and sizes. However, the PLA in the liquid
phase reported shortcomings such as contamination on
the surface of the NPs if the process is conducted in an
organic solvent medium due to the solvents pyrolyzing
the organic molecules.

Fig. 1 Different routes to synthesis nanoparticles

  249 Page 2 of 28 J Nanopart Res          (2019) 21:249 



Controlling the size and distribution of the as-fabricated
NPs is simple but limited due to its rather simple experimen-
tal setup. As pointed out previously, the yield is reproducible,
but optimizing the volume and cost remains a concern.

In the solid-phase process, most of the metals and its
composites can be synthesized and deposited in various
substrates. Thanks to laser technology, entire classes of
lasers, encompassing continuous, pulse, short wavelength,
longwave length, lower energy, and higher energy can be
utilized in this process, making precise control over the
deposition process possible. Since the laser is not part of
the vacuum system, the process is more user-friendly and
versatile vis-à-vis achieving the various types of deposi-
tions. Vacuum is an essential part of the PLA system in the
solid phase as it provides a platform to deposit a thin film
of various phases and structures, however, the synthesis
costs increases due to the presence of chamber pressure
control and the involvement of parametric optimization.
There are other shortcomings related to the intrinsic nature
of the ablation process and the photon (from the laser) and
electron (from the target) interaction. The lack of suitable
optimization often results in defects in the subsequent
structures and film growth. High-intensity laser sources
could incorporate microscopic and nanoscopic particles
from the target, which degrades the quality of the subse-
quently deposited films.

Previous review work published on PLA

PLA was an invention that preceded the pulsed ruby
laser in the 1960s. Many research works have subse-
quently explored laser ablation in vacuum/dilute gases.
Many types of thin films can be synthesized by varying
the target materials, background gases, and laser param-
eters for use in various applications, e.g., electrodes,
wear-resistant coatings, and semiconductor devices
(Messina 2011). The employed targets can be metals,
semiconductors, oxides, high-temperature superconduc-
tors, diamond-like carbon, or (other) ceramics.

Table 1 summarizes the literature on the subject, ar-
ranged by article title, R&D aspects, and period of R&D.
As apparent in Table 1, the majority of the analyzers
evaluated the accepted analysis and development aspects
of PLA technologies. Many researchers underlined similar
R&D aspects of PLA technologies such as laser ablation
inductively coupled plasma–mass spectrometry (LA-ICP-
MS) (Arevalo Jr et al. 2010; Cleveland and Michel 2008;
Koch and Günther 2011; Phipps et al. 2010; Russo et al.
2002; Shirk andMolian 1998; Toosi et al. 2017). There are

some reviews covering certain technologies or aspects,
such as laser ablation for the deposition of thin films
(Auciello 1991; Gaertner and Lydtin 1994; Maier-Komor
1991), while others cover definite technologies or facets
such as clinical review PLA collector (Ali et al. 2016;
Chan et al. 2016; Dill et al. 2011; Zhao et al. 2017). There
are also reviews on factors influencing PLA’s system
performance (Ahmed et al. 2016; Barefoot 2004;
Cocherie and Robert 2008; Gonzalez 2017; Jackson and
Palmer 1994; Kim et al. 2017; Scharring et al. 2011; Sinko
and Sasoh 2011; Tsuji et al. 2012b; Yang 2007).

Many case studies are being reported on the synthesis
of NPs using the laser ablation method, but there is no
state-of-the-art review on factors influencing the synthe-
sis of NPs. This study is a critical review of the factors
and parameters reported in the literature on the usage of
the laser ablation method. Figure 2 summarizes the
factors and parameters influencing the synthesis of
NPs using the laser ablation method.

Fundamentals of laser ablation technique
and associated devices

Nd:YAG laser

Neodymium-doped yttrium aluminum garnet, or
Nd:YAG, is a crystal used by solid-state lasers as a lasing
medium . The Nd:YAG laser is optically pumped using a
flash tube for laser diodes. Nd:YAG lasers emit light at a
wavelength of 1064 nm (IR region).

Excimer laser ablation

An excimer laser utilizes gas as its active medium. The
wavelength of the produced beam falls within 193–351
nm. The excimer laser was first reported in the late
1970s. Many improvements have been made since then
on gas lifetimes, upgraded electronics for computer
control, sensors for process monitoring, and scanning
stage technology (Setia 2005).

Working principle of laser ablation in liquid

The apparatus required to generate PLA in the liquid is
illustrated in Fig. 3. The metals were cleaned using an
ultrasonic cleaner and ethanol, acetone, and deionized
water afterwards to remove any remaining organic com-
pounds. The metals were then placed inside a glass
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Table 1 Summary of previous review articles in terms of the covered R&D aspects

No. Previous review articles and covered period of study Article title and content outlines

1 Kim et al. (2017) from 1972 to 2017. “Synthesis of nanoparticles by laser ablation: A review”:
(1) Nanoparticle formation by laser ablation (basic concept

of laser ablation, laser, change in the temperature by
laser irradiation and nucleation and particle growth) and
(2) synthesis of various kinds of nanoparticles by laser
ablation (semiconductor quantum dot, metal and oxide
nanoparticles and nanoparticles and nanowires).

2 Zhao et al. (2017) from 2002 to 2017. “CT-guided percutaneous laser ablation of metastatic lung
cancer: three cases report and literature review”:

(1) Case presentation, (2) CT-guided percutaneous laser
ablation, (3) follow-up and outcome measures,
(4) results, and (5) discussion.

3 Chan et al. (2016) from 1998 to 2016. “Holmium: YAG laser ablation for the management of
lower urinary tract foreign bodies following
incontinence surgery: A Case Series and Systematic
Review”:

(1) Methods (case series and systematic review);
(2) results (patient demographics, operative
management, patient outcomes, and systematic review);
(3) discussion.

4 Ali et al. (2016) from 2001 to 2016. “Our experience of carbon dioxide laser ablation of
angiofibromas: case series and literature review”:

(1) Materials and methods and (2) results and discussion.

5 Ahmed et al. (2016) from 1983 to 2016. “Laser Ablation and Laser -hybrid Ablation Processes:
A Review”:

Laser beam machining (LBM) (physical factors affecting
the process, laser radiation features, substrate material
features, laser ablation mechanism, laser beam milling,
ablation mechanism of laser beam milling, parametric
effects in laser beam milling, laser induced periodic
structures, laser beam milling with auxiliary concepts,
laser beam drilling/trepanning, ablation mechanism in
laser beam drilling, parametric effects in laser beam
drilling, conclusions and remarks), laser-assisted
machining (LAM) (material removal mechanism in
LAM, parametric effects and inspirations of LAM,
cutting forces and material removal rate, tool life and
surface roughness, conclusions and remarks), laser
chemical machining/etching (LCM/E) (LCM/E
mechanism, parametric effects and inspirations of
LCM/E, porous structures, 3D structures, conclusions
and remarks), laser-assisted electrochemical machining
(LAECM), (conclusions and remarks), underwater
laser ablation (UWLA) (UWLA mechanism, water
layer thickness, splashing and cavitation bubbles,
melt ejection and sample configuration, parametric
effects of UWLA, high ablation rate, low ablation rate,
possible reasons of ablation rate variations, Inspirations
of UWLA, under water laser milling, under water laser
drilling, synthesis of nanoparticles, conclusions and
remarks), shortfalls, and areas of future research.

6 Scharring et al. (2011) from 1988 to 2011. “Review on Japanese-German-U.S. Cooperation on
Laser-Ablation Propulsion”:

Methods (experimental setup, laboratory setup Nagoya,
laboratory setup Stuttgart, result, and discussion),
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Table 1 (continued)

No. Previous review articles and covered period of study Article title and content outlines

beam propagation modeling and profilometry of
ablative targets (Nagoya–Stuttgart), impulse coupling
of flat POM targets in ambient air (Nagoya–Stuttgart),
nozzles and flat targets in ambient air
(Nagoya–Stuttgart), nozzles and flat targets in
vacuum (Nagoya).

7 Sinko and Sasoh (2011) from 1972 to 2011. “Review of CO2 Laser Ablation Propulsion with
Polyoxymethylene”:

(1) Material characteristics (chemical formula and
basic properties, thermal properties, thermal
degradation, reflectivity and transmissivity, absorption
coefficient (mass removal and impulse models,
photochemical mass removal, photothermal mass
removal, comparing photochemical and photothermal
pathways)), (2) experimental environment
(CO2 lasers, ambient condition, conditioning effects),
(3) measurement techniques (ablated mass, imparted
impulse, laser pulse energy, laser spot area),
(4) impulse performance (fluence-dependent, impulse
modeling in vacuum, ambient pressure dependence,
spot area dependence, combustion and confinement
effects, doping and other effects), (5) conclusions
and recommended works

8 Koch and Günther (2011) from 1985 to 2011. “Review of the State-of-the- Art of Laser Ablation
Inductively Coupled Plasma Mass Spectrometry”:

Fundamentals (laser–material interaction, aerosol formation
and transportation), inductively coupled plasma
mass spectrometry system configuration (mass
analyzers and mass spectrometry detection schemes,
inductively coupled plasma operating conditions),
data processing and analysis (elemental fractionation,
matrix-matched calibration: nanosecond versus
femtosecond LA-ICP-Q-MS, in-depth and layer
analysis by fs-LA-ICP-Q MS).

9 Dill et al. (2011) from 1985 to 2011. “Dating of Pleistocene uranyl phosphates in the
supergene alteration zone of Late Variscan granites
by Laser-Ablation-Inductive-Coupled-Plasma Mass
Spectrometry with a review of U minerals of
geochronological relevance to Quaternary geology”:

(1) Laboratory methods, (2) geological and
geomorphological setting, (3) results (petrography of
host rock and mineralogy of supergene minerals,
dating of supergene uranium minerals LA-ICP-MS),
(4) discussion—age of uranyl phosphates and
weathering pits.

10 Arevalo Jr et al. (2010) from 2008 to 2010. “GGR Biennial Review: Advances in Laser Ablation
and Solution ICP-MS from 2008 to 2009 with Particular
Emphasis on Sensitivity Enhancements, Mitigation of
Fractionation Effects and Exploration of New
Applications”:

Enhanced sensitivity and reduced elemental/isotopic
fractionation during LA-ICP-MS (femtosecond laser
ablation, modified LA-ICP-MS engineering), internal
standard and matrix independent measurements
of major, minor and trace elements (LA-ICP-MS,
solution ICP-MS), material forensic ICP-MS
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Table 1 (continued)

No. Previous review articles and covered period of study Article title and content outlines

applications: criminal and nuclear (markers of
human provenance, Nuclear forensic materials),
high-precision elemental and isotopic measurements
via LA-ICP-MS ((ultra)trace element determinations,
high-precision isotopic determinations).

11 Phipps et al. (2010) from 1975 to 2010. “A Review of Laser Ablation Propulsion”:
What laser ablation propulsion offers, (how these benefits

are achieved), early historical background, theory
(plasma regime, polymers in the vapor regime,
elemental materials in the vapor regime, combined
models), applications (flights in air, space engines),
propellants, advanced concepts (kw liquid-fueled
laser-plasma engine) orion (laser launch into low
earth orbit (leo)), promise for the future
(1 to 2 years, 2 to 10 years, 5 to 10 years).

12 Gonzalez (2017) from 1997 to 2017. “Laser Ablation–Based Chemical Analysis Techniques:
A Short Review”:

Classification and discrimination analysis (bulk analysis),
spatially resolved chemical analysis: chemical
mapping and depth profiling (chemical mapping,
depth profiling), laser ablation as a sampling tool for
optical spectroscopy and mass spectrometry
(LA-ICP-OES, LA-ICP-MS, LIBS, LAMIS).

13 Toosi et al. (2017) from 1989 to 2017. “Fabrication of Micro/Nano Patterns on Polymeric
Substrates Using Laser Ablation Methods to Control
Wettability Behaviour: A Critical Review”:

(1) Wetting states, regimes, and roughness (contact angle,
contact angle hysteresis), (2) laser ablation:
experimental setup, (3) laser ablation of polymeric
surfaces (polytetrafluoroethylene (PTFE), polylactide
(PLA and PLLA), poly(methyl methacrylate) (PMMA),
polydimethylsiloxane) (PDMS)).

14 Tsuji et al. (2012b) from 1993 to 2012. “Preparation and Shape-Modification of Silver
Colloids by Laser Ablation in Liquids: A Brief Review”:

(1) Methodology, (2) preparation of silver NPS using
LAL in PVP solution (influence of PVP on the stability
of colloids, influence of PVP on the particle size,
influence of PVP on the formation efficiency,
time-resolved imaging of the LAL process),
(3) shape modification of silver NPs using PLI
(fragmentation of NPs, formation of nanocrystals).

15 Cocherie and Robert (2008) from 1993 to 2008. “Laser ablation coupled with ICP-MS applied to U–Pb
zircon geochronology: A review of recent advances”:

(1) Review of instrumentation and operating conditions
(the laser, ICP-MS, blank, and common-Pb correction),
(2) proposed strategy (instrumentation and
operating conditions), (3) LA-MC-ICPMS results
compared to TIMS and SHRIMP (zircon from Cinque
Frati quartz–syenite (Corsica), zircon from tanzania
(1419), zircon from Canada (UQ-Z1), zircon from
Antarctica (PMA-7)).

16 Cleveland and Michel (2008) from 1996 to 2008. “A Review of Near-Field Laser Ablation for
High-Resolution Nanoscale Surface Analysis”:

Introduction to the near-field optical region (near-field
laser ablation solid sampling, near-field laser
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Table 1 (continued)

No. Previous review articles and covered period of study Article title and content outlines

ablation solid sampling), application of the near-field
effect to nanoscale laser ablation solid sampling
(near-field laser ablation solid sampling, probe
methods of near-field laser ablation, near-field laser
ablation solid sampling, near-field laser ablation solid
sampling, near-field laser ablation solid sampling,
probeless methods of near-field laser ablation with
nanoparticles).

17 Yang (2007) from 1976 to 2007. “Laser ablation in liquids: Applications in the synthesis
of nanocrystals”:

(1) Laser ablation of solids in gas environments,
(2) laser ablation of solids in liquid environments
(fundamental aspects, applications), (3) physical and
chemical aspects of nanocrystal formation in laser
ablation of solids in liquids (nucleation thermodynamics,
phase transition, kinetic growth), (4) applications
in synthesis of nanocrystal (diamond and related nanocrystals,
metal, alloying, oxide, and other nanocrystals).

18 Barefoot (2004) from 1998 to 2004. “Determination of platinum group elements and gold in
geological materials: a review of recent magnetic sector
and laser ablation applications”:

(1) SF-ICP-MS (introduction, applications), (2) laser
ablation sampling for inductively coupled plasma mass
spectrometry (LA-ICP-MS) (introduction, applications).

19 Russo et al. (2002) from 1982 to 2002. “Laser ablation in analytical chemistry—a review”:
(1) Experimental systems (lasers for ablation, ablation stage,

detection systems, sample preparation), (2) calibration
strategies in LA-ICP-MS and LA-ICP-AES
(matrix-matched direct solid ablation, dual introduction
(sample-standard), direct liquid ablation), (3) elemental
fractionation during laser ablation sampling (intrinsic
fractionation, crater influence, transport process,
fractionation and matrix effects in the ICP),
(4) gas effects, (5) applications (environmental
applications, geological application, archaeology
applications, waste-sample analysis, other applications).

20 Shirk and Molian (1998) from 1985 to 1998. “A review of ultrashort pulsed laser ablation of materials”:
(1) Types and capabilities of ultrashort pulsed lasers

(dispersion induced by optical materials, gain narrowing),
(2) the state of the art of ultrashort pulsed laser materials
processing (metals, polymers, ceramics), (3) laser-material
interactions (photon absorption processes, thermal
conduction in solids, material removal mechanisms
and models).

21 Jackson and Palmer (1994) from 1965 to 1994. “Oxide superconductor and magnetic metal thin film
deposition by pulsed laser ablation: a review”:

(1) Experimental arrangement, (2) the ablation process
(the laser-target interaction, the plume of ablated material),
(3) controlling film growth (choice of background pressure,
substrate temperature, laser power density effects, film
uniformity, droplets on the film surface, pulse repetition
rate, rate control), (4) other materials prepared by laser
ablation deposition (magneto-optic recording media,
piezoelectric ceramics, titanium nitride, iron),
(5) comparison of laser ablation with vacuum
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beaker containing a small volume of millimole liquid
that is a millimeter above the target. The beaker was
fixed on a turntable to prevent it from damaging the
generated laser beam. An Nd:YAG laser irradiates the
target a few pulse repetition rates, with each pulse last-
ing a few ns. The laser is focused using a lens with a
focal length and target position of a fewmillimeters. The
laser ablation process utilizes wavelengths of (355, 532,
and 1064 nm).

Working principle of laser ablation in gas

Synthesizing NPs using the pulsed laser ablation
deposition (PLAD) method is detailed in Fig. 4. A
stainless-steel vacuum chamber (multi-view ports) is
used at room temperature for the ablation and depo-
sition of the material. The vacuum is created using a
mix of rotary and turbo molecular pumps operating
at base pressure. The target rod can rotate and
moves linearly along the axis of the chamber.

Laser ablation is known to degrade surfaces. This effect,
however, can be corralled by making provisions for the

movement of the target rods. An Nd:YAG laser (Continu-
um Surelite) is used in this process at wavelengths of 1064,
532, and 355 nm. Each pulse lasts for a few nanoseconds,
and a few pulses are sent every second, which creates a
bright plume of plasma perpendicular to the target that
permeates in all directions into the gasmedium. This plume
consists of high-temperature species of ions, electrons,
atoms, and a cluster of a few atoms. Optics collects and
focuses the resultant light to the entrance of a spectrometer.

An intensified CCD camera records the output of the
spectrometer, which is then analyzed using specialized
computer software.

Effect of laser pulse parameters on nanoparticles
preparation

Effect of laser pulse wavelength

The distinctive absorption of the target material at specific
wavelengths results in varying concentrations, which in-
fluences the particle sizes. However, it should also be

Table 1 (continued)

No. Previous review articles and covered period of study Article title and content outlines

evaporation and sputtering as methods of growing
thin films (vacuum evaporation, sputtering,
laser ablation deposition).

22 Gaertner and Lydtin (1994) from 1974 to 1994. “Review of ultrafine particle generation by laser ablation
from solid targets in gas flows”:

(1) Review and status of laser generation methods,
(2) features of UFP generation by laser ablation
(characterization, controlling UFP -size: mean size,
size distribution, aggregates and agglomerates,
generation rate dependence on material and scaling
with mean laser power; hot or cold ablation,
collection methods).

23 Maier-Komor (1991) from 1972 to 1991. “A review of laser ablation techniques for the preparation of
vacuum deposited isotope targets”:

(1) Choice of the laser for isotope target preparation, (2)
experimental arrangements, (3) preparation of isotope
targets (laser ablation with the CW beam, laser ablation
with the long pulse laser beam, laser ablation with high
power density laser pulses of < 10 ns duration).

24 Auciello (1991) from 1966 to 1991. “A critical review of laser ablation-synthesis of high
temperature superconducting films”:

(1) Analysis of basic phenomena (laser-induced compositional
and topographical changes on target surfaces,
characterization of the laser ablated-target species plume
and its relation to the composition and structure of the
deposited films), (2) film processing to achieve the
high temperature superconducting state.
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pointed out that the morphology of the resulting materials
remains unaffected (Chewchinda et al. 2013). Smaller
particle sizes result in thermal fluctuations and instability
within the shape (Swarnkar et al. 2011). Interest in NPs is
currently increasing due to the ubiquity of miniature
electronics requiring enhanced material characteristics.
Therefore, size control is crucial due to the dependence
of the materials’ physico-chemical properties on its size.
Metal colloids report excellent optical properties and
catalytic activity, making it a critical nanomaterial. Laser
ablation in a solution represents a viable option for the
synthesis of metal colloids. This method does not require
chemical reagents to synthesize pure colloids. It has been

reported that irradiating laser pulses at 1064 nm decreases
the size of Ag colloids due to the self-absorption of laser
pulses by the colloidal particles within the solution (Solati
et al. 2013). It has also been shown that increasingly
radiating colloidal solution post-ablation will result in
smaller particles (Tsuji et al. 2008), which was also seen
in the case of Au colloids prepared using a 1064-nm laser,
with additional irradiation at 532 nm. These values
proved that it is indeed possible to control the size of
the colloids by altering the total number of laser pulses.
The size can also be altered by changing the photon
energy of laser (wavelength), but it should also be pointed
out that increased wavelength will result in increased

Fig. 2 Factors and associated parameters affecting the synthesis and production of NPs using laser ablation method

Fig. 3 Schematic diagram of the
experimental setup for pulsed
laser ablation in liquid (Yang et al.
2007)
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particle sizes (Patra et al. 2016). Table 2 summarizes the
reported works in the literature on the impact of laser
wavelength and laser fluence on the synthesized NPs for
different targets at different work conditions.

Effect of variation of laser time duration

The UV–visible absorption characteristics of the syn-
thesized NPs’ sizes are strongly correlated to the laser
ablation time (LAT) and laser fluence (LF). The influ-
ence of the parameters on the size of the NPs was
elucidated using a collection of experiments. Increased

ablation time led to both increased NP density and
decreased liquid molecules (Chaturvedi et al. 2017).

An example of this is the synthesis of Cu NPs, where
LAT was varied from ~ 10 to 50 min, rendering the LF
fixed at 151 J/cm2 (Desarkar et al. 2012b).

The Mie theory was utilized to examine the re-
sults, culminating in the extraction of the scattering
parameter and bulk copper damping frequency. It
was found that surface plasmon resonance (SPR)
line width is inversely proportional to the particle
size, due to the intrinsic size effects. Figure 5 a and
b display the variations of the SPR wavelengths and

Fig. 4 Schematic of
experimental setup for pulsed
laser ablation in gas (Wang 2013)

Table 2 R&D on the effect of laser wavelength and laser fluence on the produced NPs

Author Fluid Wavelength (λ) Target Fluence Particle size

Torrisi and Torrisi (2018) Deionized water 355, 532,
and 1064 nm

Au 10–50 J/cm2 The average size
of 10, 20, and 25 nm

Solati et al. (2013) Acetone 1064 nm and 532 nm Silver 14–22 J/cm2 12.99 to 186.46 nm

Chewchinda et al. (2013) Ethanol 1064 and 532 nm Si 1.2 J/cm2 3.01 to 6.98 nm

Solati et al. (2018) Liquid nitrogen 1064–532 nm Graphene 0.5–0.8 J/cm2 The average size of
60.68–34.19 nm

Singh et al. (2017a) Deionized water 1062 nm Ti 85 W The diameter
of the 3–32 nm

Kim et al. (2014) Deionized water 355, 532,
and 1064 nm

Pd 8.92, 12.74,
and 19.90 J/cm2

3.56 to 8.91 nm

Inada et al. (2003) Hydrogen gas 266 nm Si 60 J/cm2 5 nm

Pasha et al. (2010) Acetone 1064 nm Palladium 7 nm
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the size of the particles (diameter in nm) in the
context of the laser ablation time. TEM measure-
ments reported decreased sizes with LAT, while the
SPR peak exhibits a blue shift with ablation time.
This peak is crucial towards the determination of the
distribution of the size of the NPs. A Lorentzian fit
was used to determine the Lorentzian linewidth (in
meV) of the SPR peaks, as per Fig. 5b in the context
of particle sizes. It is seen in Fig. 5b that the nano-
particle size is inversely proportional to the band-
width, which implies intrinsic size effects.

As ablation time increases, NP production initially
increases; however, this increase eventually plateaus. In
reality, there is a build-up of NPs that shield the laser
from the target, which is why no new NPs are generated
after reaching its critical time (Desarkar et al. 2012a, b).

Effect of variation of laser pulse width on nanoparticle
size

The pulse duration is an essential parameter in the
synthesis of NPs. Altering it from nanoseconds (ns) to

Fig. 5 Variations of SPR
wavelengths and the average
particle size (diameter in nm) as
obtained from TEM micrograph
analysis with the laser ablation
time duration (min) are shown in
a. Variation of the linewidth
(meV) with the particle size (ra-
dius in nm) is shown in b. Sym-
bols are experimental points and
the solid line is the theoretically
fitted line (Desarkar et al. 2012a)
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picoseconds (ps) and femtoseconds (fs) results in the
ablation mechanism changing frommelting and thermal
evaporation to phase explosion, respectively. A shorter
pulse duration results in a more efficient ablation pro-
cess, resulting in instantaneous evaporation and a min-
imal heat-affected zone. In picoseconds, ablation was
faster due to its lower than ns threshold for metals
(Giorgetti et al. 2015a). It has also been reported that
the energy absorbed by the target remains quite low in
the case of ultra-short laser pulses. Consequently, utiliz-
ing ultra-short laser pulse durations of ps/fs is

advantageous in that it can be used to increase the
efficiency of the laser ablation process (Schwenke
et al. 2011).

The production efficiency remains quite high relative
to the shorter ps or long ns pulsed lasers for similar
wavelengths (Stašić et al. 2016). Table 3 summarizes
research works on the effect of time duration on the
synthesis of NPs for multiple targets under different
conditions.

Effect of pulse repetition rate

Wang et al. (2007a) examined the influence of
pulse repetition rate (1 and 40 Hz) on the mean
size of the nanocrystalline. The results from the Si
films (nc-Si films) in high-purity Ar gas at a
pressure of 10 Pa at room temperature is presented
in Fig. 6.

The results confirmed the correlation between the
mean size and pulse rate being 9.6 nm in 1 Hz,
8.5 nm in 3 Hz, 6.6 nm in 10 Hz, 5.75 nm in 20
Hz, 6.5 nm in 30 Hz, and 8.5 nm in 40 Hz. It was
also confirmed that the smallest NPs that can be
synthesized is at the optimum pulse rate and medi-
um values. The influence of the repetition rate of
laser pulses (RRLP) in 1–10 Hz on the synthesis of
Ag nanoparticles (Ag-NPs) by laser ablation in eth-
anol was analyzed, and the ablation efficiency of
Ag-NPs in liquid diminution with the reduction of

Table 3 R&D on the effect of pulse widths and time durations on the synthesis of NPs

Author Target Fluence Pulse widths and time durations Particle size

Schwenke et al. (2011) Silver, magnesium,
and zinc

0.35 and 0.22 J/cm2 Pulse width 7 ps and ablation
times up to 60 min

Mean primary particle
diameter, 15, 51, and 17

Desarkar et al. (2012b) Sn 181 J/cm2 Pulse width 10 ns and time
duration of 10, 20, 30, 40,
and 50 min

Average sizes (radius)
varying between 3.2
and 7.3 nm

Al-Mamun et al. (2012) Alumina 20 J/cm2 Pulse width 6 ns and time
duration 1–2 h

12 to 18 nm

Dadashi et al. (2015) Bismuth 118 mJ/pulse Pulse width 12 ns and time
duration 5 min

Average size of 27 ± 9 nm

Popovic et al. (2014) Si 4.4 J/cm2 and 15.7 J/cm2 Pulse width 150 ps and time
duration 15 min

Size distribution 13 nm

Chaturvedi et al. (2017) Ti ∼ 5J/cm2 Pulse width 5 ns and time
duration 30 min, 60 min,
and 90 min

The average size of ∼ 50 nm

Aghdam et al. (2019) Cu Pulse energy of 40
and 100 mJ/pulse

Pulse width 10 ns and time
duration 15 min and 25 min

The mean sizes of 40
and 80 nm

Fig. 6 The average size of nanoparticles in the films versus pulse
repetition rate (Wang et al. 2007a)
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the repetition rate of laser pulses from 1 to 10 Hz
was reported (Valverde-Alva et al. 2016).

Effect of fluence/energy density

Laser ablation in liquid can be used to synthesize
NPs at multiple energy densities. A higher energy
density results in increased production of NPs (Al-
Azawi et al. 2016; Takada et al. 2013). An exam-
ple of this is when bulk Al was used as a target
for the laser ablation technique (Nd:YAG laser

with wavelength 1064 nm) to synthesize Al2O3

NPs. The suspension gets opaquer, which confirms
the presence of Al2O3 NPs post-ablation. Laser
energy influences and changes the particle sizes,
fluctuating at ~ 20–100 nm. The predominant par-
ticle size remains small for energies of 1–5 J,
while it becomes more significant for an energy
of ~ 3 J. The downside of the former is the
nonuniformity and aggregation of the synthesized
NPs, while in the case of the latter, some of the
NPs melted due to its exposure to high energy
(Piriyawong et al. 2012). However, as energy den-
sity increased further, the self-absorption of NPs
inhibited the ablation on the target. The nucleation
and growth theory can be used to explain the size
differences. At low-energy densities, nucleation
was challenging, resulting in a small number of
nuclei and bigger particles sizes, while at high-
energy densities, nucleation took place simulta-
neously, leading to high quantities of nuclei and
smaller particle sizes (Chewchinda et al. 2014a). It
should also be pointed out that the size evaluation
of the NPs via its bandgap energy originating from
the extinction spectra of the colloids could be
erroneous, which could be made even worse by
the fact that the bandgap is a function of the size
of the NP (Giorgetti et al. 2015b). It was also
confirmed that the average size of the NPs is
inversely related to the thickness of the targets
(Scaramuzza et al. 2015). Table 4 summarizes the
literature on the influence of laser fluence/energy

Table 4 R&D on the effect of laser fluence/energy density on the produced NPs

Author Liquid Target Wavelength (λ) Energy/
power

Energy density/fluence Particle size

Chewchinda
et al. (2014b)

Ethanol P-type silicon
wafer

532 nm, F = 10 Hz 0.15 to 0.45 J/cm2 0.15 to 0.31 J/cm2,
from 0.01 to
0.08 mg and
0.45 J/cm2 to 0.02 mg

Dorranian et al. (2014) Acetone Cu 1064 nm, F = 5 Hz 1, 1.5, 2, 2.5, and 3 J/cm2 1–6 nm

Azadi Kenari
(et al. 2018)

Ethanol Ta 1064 nm, F = 10 Hz 0.3, 0.6, and 0.9 J/cm2 12–18 nm

Zamora-Romero
(et al. 2019)

DI water Mo 1064 nm, F = 10 Hz 5 to 20 J/cm2 48 to 141 nm

Giorgetti et al. (2015b) Deionized
water

Ti 1064 nm, F = 10 Hz 1.4–14 J/cm2

Kobayashi et al. (2013) Ethanol Si 532 nm 0.17 J/cm2, 0.32 J/cm2,
0.45 J/cm2

6 mm

Ismail et al. (2018) Ethanol PbI2 1064 nm, F = 1 Hz 2.7 to 5.4 J/cm2 10 to 75 nm

Fig. 7 Laser spot size area variation (af above focus, f focus, bf
below focus) (Nath et al. 2011)
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density on the synthesized NPs for multiple targets
under different conditions.

Effect of Laser focusing parameters on produced
NPs

Effect of focusing conditions

Another critical factor that influences the size of the NPs
and its corresponding deviations is the set of focusing
conditions (Elsayed et al. 2013). The targets were ablat-
ed under multiple focusing conditions by altering the
position of the lens via a micrometer (μm) screw that
comes attached with the lens’mount. The target is fixed
and ablated for three positions: above, below, and at the
focal point, as per Fig 7.

Focusing conditions represents an important param-
eter that is crucial towards the synthesis of small size
NPs with a narrow distribution. It not only alters the
fluence, but it also changes the degree of ionization of
the liquid medium containing the colloids. Table 5 sum-
marizes research works on the effect of focusing param-
eters on the synthesis of NPs for multiple targets under
different conditions.

Plasma plume status and produced NPs

A typical plasma plume can be seen during irradiation, as
per Fig. 8. When laser ablation is carried out within a

liquid medium, the confinement induced by the liquid
upon the submerged ablated solid target results in the
creation of the shock wave within the plasma plume.
The plasma produced by the laser tends to expand at
supersonic velocity; however, this expansion creates
shock waves, as the liquid curtails the supposed expan-
sion. The impingement of the laser on the submerged
solid target results in the continuous presence of ablated
material within the plume, culminating in a plasma-
intense luminosity. The vaporized species are classified
as highly excited ionic particles that will incoherently
relax to its original quantum states, emitting electromag-
netic radiations, as illustrated in Fig. 8. This emission
process differs from the ones taking place in a laser
resonator because light emission from the plume is spon-
taneous instead of being coherently stimulated. The plas-
ma looks like it is strongly illuminated, which can be
attributed to the incoherent emissions (Messina 2011).

It is shown that the most intense plasma is generated
by installing the target at a point slightly prior to the
geometric focal point.

The intensity of the plasma is correlated to the
amount of ablated material, and the mean size of NPs
is linked to the second highly dispersed distribution of
NPs. This implies the involvement of plasma-related
processes in the ablation of material, the result of which
is the formation of relatively large particles (De
Giacomo et al. 2014; Sylvestre et al. 2005). It is also
evident that plasma parameters are unaffected by pres-
sure; however, uniform magnetic external fields do af-
fect the NPs, which magnetically confines the plasma to
a smaller region, resulting in an increase in its density
(Singh et al. 2017b).

Effect of medium of ablation ambient on produced
NPs

Effect of liquid environment on NPs size

The liquid phase laser ablation technique can be used to
control the size of the NPs via changing the laser’s
parameters, such as laser fluency {(energy density), pulse
width and time duration, and wavelength and repetition
ratio}, laser focusing parameters {focal length and the
target position}, and the medium of ablation ambient
{fluid type, pressure, solvent, plasma plume}. Further-
more, the average particle sizes of the colloidal NPs are
inversely related to the depth of the liquid (Al-Azawi

Fig. 8 A scheme showing the acoustic waves propagation in the
confining liquid (liquid and the shock waves generation inside the
solid target) (Messina 2011)
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et al. 2016). Increasing liquid temperature alters the mor-
phology of the nanomaterial, from spherical into elongat-
ed (Al-Dahash et al. n.d.). The morphological change can
be attributed to the increase in the kinetic energy increas-
ing the collision rates between the initially formed large
NPs from the condensation process and the NPs that are
present in the path of the laser beam. The fragmentation
from these collisions could further, in theory, reduce the
size of the NPs. Additional irradiation of laser pulses onto
colloidal solution via liquid-phase laser ablation can also
be used to decrease the size of the NPs. The NPs undergo
photo fragmentation post-laser excitation, resulting in
smaller fragments of NPs; this mechanism is detailed in
Fig. 9 (Badr and Mahmoud 2007).

Controlling the particle size is a crucial aspect of
colloidal synthesis, as the physico-chemical properties
of the nanometallic particles are very much reliant on
their sizes. An example of this can be seen in the case of
the colloidal solutions of the Ag NPs prepared in deion-
ized water (DIW), ethanol, and polyvinylpyrrolidone
(PVP) via ablation with 1064 nm lasers to elucidate
the effect of a liquid medium on the average particle
size, average particle size distribution, ablation efficien-
cy, and stability. The results are tabulated in Table 6.

Changing the liquid medium from deionized water,
ethanol, and polyvinylpyrrolidone results in changes to
the average particle size of the NPs (Al-Azawi et al.
2016). The application of a magnetic field during the
laser ablation process increased the concentration and
sizes of the NPs, resulting in increased absorbency,

efficiency, and optical parameters. However, externally
applied electric field decreased the size of the resulting
NPs, examples include the particle size of smaller NPs
of Sn or Au created under different electric fields
(Sapkota et al. 2017). Table 7 summarizes previous
research on the effect of laser ablation in liquid on the
size of synthesized NPs for multiple targets under dif-
ferent conditions.

Effect of liquid medium on NPs shape

It was also confirmed that solvents (ethanol, deionized
water, and acetone) used in the laser ablation method
affect the shape of the synthesized NPs.

It can be seen that the solvent control, not only the
shape, size, and distribution of the synthesized NPs, but
also its composition (Bajaj and Soni 2009). This can be
seen in the case of Sn produced by pulsed laser ablation
in liquid, where its mean size, distribution, and shape are
shown in Fig. 10.

The ablation of NPs relies upon two mechanisms: (1)
direct nucleation of atoms in the condense plume and (2)
NPs act as growing centers for the incoming species.
The effect of the mechanism resulted in wide size
distribution.

Packed and stronger bonds are attracted to the surface
via highly polar molecules. The electrostatic repulsive
force from the overlapping electrical double layers of
the nuclei and species in the plume preclude further
growth, aggregation, or precipitation. An example of

Fig. 9 Mechanism of
photofragmentation process
(Badr and Mahmoud 2007).

Table 6 The average size, ablation efficiency, and particle size distribution of Ag NPs prepared in the three different solutions of PVP,
deionized water, and ethanol (Al-Azawi et al. 2016)

Liquid medium Average particle size (nm) Ablation efficiency Particle size distribution Stable and suspension

PVP 16.36 ± ±7.34 High Narrower Yes

DIW 22.88 ± ±9.46 Low Broad Yes (modest)

Ethanol 26.44 ± ±12.10 Lowest Narrow No
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this is the impact of the liquid utilized in the PLA of Sn.
The dipole moment is imperative, with acetone’s being
much higher than that of deionized water or ethanol. A
significant dipole moment results in smaller average
sizes since the first mechanism is suppressed. It is also
more likely that the NPs turn out spherical (Bajaj and
Soni 2009). The mean size, size distribution, and shape
of particles obtained via different liquid mediums are
tabulated in Table 8.

The metal NPs exhibited a spherical morphology in all
of the solvents (Al-Azawi et al. 2016). NPs can be synthe-
sized into nanopowders or colloids via laser ablationwith a
solid target submerged in a liquid and gaseous surround-
ing. The physico-chemical properties of the synthesized
NPs can be tailored via the parameters of laser ablation in
the liquid medium (Aye et al. 2014). Laser ablation in a
stirred liquid medium is more effective relative to a static
liquid medium, as evidenced by the increased ablation
yield (by 30%) and improved repeatability and quality of
the resulting colloidal properties (Resano-Garcia et al.
2015). Table 9 summarizes previous research works on
the effect of liquid medium on the synthesized NPs for
multiple targets under different conditions.

Effect of ambient gas on formation process of NPs

Surface morphology analyses of the synthesized
NPs showed that the average mass and volume
of the NPs prepared in different gaseous mediums
initially increased and then decreased in tandem
with the distance between the target and the sub-
strate (Wang et al. 2007b). The room temperature
production via laser ablation results in agglomerat-
ed particles in the gaseous phase. The formation of
the NPs is dependent upon the occurrence of ran-
dom collisions, which makes controlling the size
distribution, crystallinity, shape, and the tempera-
ture of the process a complicated undertaking
(Tsuji et al. 2012a).

For example, in preparing Si nanoparticles (Muramoto
et al. 1999), increasing the ambient pressure for He from 1
to 10 Torr changes the diameter of the resulting NPs from
10 to 25 nm. The same effect can be obtained with Ar but
in a less pronounced manner. The dispersion and size
distribution increases with He pressure but not with Ar.
Plume confinement, which is an essential factor in pro-
duction, is also affected by ambient gas.

Table 7 R&D on generating NPs using different liquids

Author Fluid Target Time Fluence Particle size

Zamiranvari et al.
(2017)

CTAB ZnO Pulse width of 7
ns

18.9 to 52.3 nm

Amans et al. (2011) 2-[2-(2-methoxyethoxy)
ethoxy] acetic
acid (MEEAA)

Y2O3:Eu
3+,

Gd2 O3:Eu
3+,

and Y3 A15

O12:Ce
3+

Pulse width Δt =
5 ns

2 and 4.5 nm

Bajaj and Soni
(2009)

Deionized water,
acetone,
and ethanol

Tin Pulse width 5 ns 2.3–10.5 J/cm2 2 and 37 nm

Chewchinda et al.
(2013)

Ethanol Si Pulse width 10 ns 6.98 and 3.01 nm

Dewalle et al. (2011) Acrylic paint Al Pulse width 5 ns 0.1 to 11 J/cm2 10–15 nm

Wang et al. (2009) Gas N2 (99.5%) Fe Pulse width 0.5
and 2.0 ms

18 to 33 nm

Tilaki and Mahdavi
(2007)

Deionized water with
various concentrations
of ethanol

Gold Pulse width 10 ns 1.1 J/pulse/cm2 2–99 nm

Haram and Ahmad
(2013)

Distilled water Cu Pulse width 5–6
ns

5.73–9.87 J/cm2 2–55 nm

Moura et al. (2017) DDW, acetone, and
ethanol

Ag Pulse width 35 ns 2122.2, 3183.3, and
4244.0 J/cm2

11.8, 13.9, and
17.7 nm

Soliman et al. (2011) Distilled water Ti 22.4 J/cm2 140 to 310 nm

Amagasa et al.
(2017)

Ethanol Fe3C Pulse width 5 ns Pulse energy 100 mJ 5–100 nm
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Ar is heavier than He; therefore, it offers greater
confinement of plumes. Usually, Ar contains a much
more densely packed Si plume, which means its pro-
duction is quicker (Muramoto et al. 1999). Table 10
summarizes the previous researches in the literature
discussing the effect of ambient gases on the formation
process of NPs for different targets under different work
conditions.

Effect of pressure

Kulinich et al. (2013) investigated the influence of pressure
on medium in PLA on NPs synthesis. They applied dif-
ferent pressures to explore changes in medium pressure on
laser ablation of Zn and the preparation of ZnO NPs.

The PLA of Zn in distilled water at varied pressures
(from 0.1 to 31 MPa) generated ZnO nanocrystals. The

Fig. 10 TEMmicrographs of synthesizedNPs prepared at the laser fluence of 2.3 J/cm2 in a ethanol, b deionized water, and c acetone (Bajaj
and Soni 2009).

  249 Page 18 of 28 J Nanopart Res          (2019) 21:249 



results (Fig. 11) show that at elevated medium pres-
sures, smaller NPs with uniform size distribution and
stronger green luminescence were produced (Kulinich
et al. 2013).

Table 11 summarizes the previous researches in the
literature discussing the effect of pressures on the syn-
thesized NPs for different targets under different work
conditions.

Table 8 Calculated size, size distribution, and observed shape of the NPs prepared by laser ablation in different liquid media (Bajaj and Soni
2009)

Liquid Dipole moment (D) Average size (nm) Size distribution (nm) Shape

Ethanol 1.69 – – Thread-like

Deionize water 1.85 37 ± 10 Elongated

Acetone 2.89 2 ± 1 Spherical

Table 9 The effect of liquid medium on NP shape

Author Liquid Wavelength Target Shape

Amans et al. (2011) 2-[2-(2-Methoxyethoxy)
ethoxy] acetic acid (MEEAA)

355 nm, F = 10 Hz Y2O3:Eu
3+, Gd2 O3:Eu

3+,
and Y3 A15 O12:Ce

3+
Crystallize

Al-Mamun et al. (2012) Distilled water 1064 nm, F = 10Hz α-Al2O3 Spherical

Chewchinda et al.
(2014a)

Ethanol 532 nm, F = 10 Hz P-type silicon wafer Spherical

Chewchinda et al. (2013) Ethanol 1064 and 532 nm,
F = 10 Hz

P-type h100i silicon
wafer

Crystal

Johny et al. (2019) Acetone, isopropanol,
and dimethyl formamide

532 nm, F = 10 Hz SnS2 Spherical particles

Popovic et al. (2014) Deionized water 1064 nm, F = 10 Hz Silicon Spherical or nearly
spherical in shape

Nikov et al. (2013) Double distilled water 1064, 532, and 355 nm,
F = 10 Hz

Gold Spherical and
sphere-like shaped

Hu et al. (2011) Distilled water and 0.01 M
sodium dodecyl sulfate
(SDS) solution

1064 nm, F = 20 Hz Zinc and ZnO Spherical shapes

Kobayashi et al. (2013) Ethanol 532 nm, F = 10 Hz Silicon Spherical

Aye et al. (2014) Distilled water, absolute
ethanol, and acetone

1064 nm, F = 30 kHz Iron Spherical

Chakif et al. (2014) Water, acetone, and
water/acetone

1030 nm, F = 100 kHz Fe Spherical

Gondal et al. (2013) Deionized water and hydrogen
peroxide

532 nm, F = 10 Hz Copper Spherical shape

Ismail and Fadhil (2014) Distilled water 1064 nm, F = 1 Hz Bismuth Polycrystalline

San et al. (2014) Deionized water 527 nm, F = 1 kHz Sugar beet bagasse Nanocrystal

Kim et al. (2013) Deionized water 266, 355, 532, and
1064 nm, F = 10 Hz

Gold Nanocrystal

Nath et al. (2011) Deionized water 532 nm, F = 15 Hz Titanium Perfectly spherical

Kim et al. (2014) Deionized water 355, 532, and 1064 nm,
F = 10 Hz

Pd Homogeneous
spherical
palladium

Desarkar et al. (2012b) Pure deionized water 1064 nm, F = 10 Hz Solid Sn Spherical

Swarnkar et al. (2011) Double-distilled water 1064 nm Copper Cactus-like structure

Takada et al. (2013) Distilled water 1064 nm, F = 32 kHz Au or Zn Spherical or crystalline
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Lessons and insights learned

Laser pulse parameters

Laser ablation in a liquid was used to prepare metallic
NPs at multiple energy densities. Higher energy densi-
ties resulted in increased yields of NPs. However, fur-
ther increasing the energy density will inhibit the abla-
tion of the metal target due to the self-absorption of NPs.
The nucleation and growth theory can be used to explain
the size differences at multiple energy densities. At low-
energy densities, nucleation is difficult, resulting in
smaller amounts of nuclei and larger particle sizes, while
at higher energy densities, nucleation coincides, leading
to a large number of nuclei and smaller particle sizes.
Increasing energy density decreases the size of the NPs
up to their critical size.

Pulse width and time duration are crucial towards the
size and distribution of the NPs. Table 12 tabulates the

optimum pulse widths and time durations needed to pro-
duce the smallest NPs for multiple targets via laser ablation.

The particle size of colloids can be tuned using laser
wavelengths, from 1064 to 355 nm. Generally, higher
wavelengths result in increased efficiency and finer
spherical particles. The pulse repetition rate can change
the average size of the NPs, where it is a nonlinear
dynamic process of PLA. The standard pulse repetition
rate reported in the literature is 10 Hz.

NA not available

Laser focusing parameters

The focusing conditions (i.e., target position) are vital to-
wards the formation of a narrow distribution of the size of
the NPs. The distance between the lens and the target
dictates the spot size on the target. The focal length affects
the shape and size distribution of the NPs. Aminimum spot

Fig. 11 TEM images presenting ZnO NP morphology as a function of pressure. a Atmospheric pressure, b 15 MPa, c 22 MPa, d 31 MPa
(Kulinich et al. 2013)

Table 11 The effect of pressure on the produced NPs

Author Fluid Pressure Target Particle size

Kulinich et al. (2013) Deionized water (0.1, 6.5, 15.4, 22.4, and 30.1 MPa) Zn 50 to 100 nm

Soliman et al. (2011) Water 0.1, 3, and 30 MPa Ti and Zn

Chu et al. (2010) Pure Ar gas 1 to 200 Pa Si

Riabinina et al. (2010) Helium gas 10−5 to 11 Torr Platinum 25 to 5 nm

Hamoudi et al. (2012) He background gas 1, 2, 4 to 5 Torr Pt catalysts

Muramoto et al. (1999) He and Ar 1 to 10 Torr Si Mean of diameter (10 to 12.6 nm)

Tsuji et al. (2012a) Air 0.1 MPa Titanium Particle diameter of 11–45 nm

Dewalle et al. (2011) Air 7 bar Al 10–15 nm
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size is dependent upon the focal length, which alters the
fluence, resulting in NPs with multiple shapes and sizes.

A typical plasma plume is detectable during laser
irradiation. If the target lies just under the focal point,
an intense plasma is created. At low laser energies, the
targets’ temperature increases, but its vaporization rate is
curtailed due to liquid acting as a confiner at its surface,
which scuttles the formation of plumes. At an

intermediate laser beam energy, the plume is formed
slowly, while under high energies, the laser ablation of
the target in the liquid medium resulted in the produc-
tion of plasma plume that is visible to the naked eye
(emitting a noticeable noise) near the target surface,
which could be due to the breakdown of the cavitation
bubble being formed from the vaporization of the fluid
layer that is in close contact with the plasma. Plasma

Table 12 Optimum pulse width and time duration to produce minimum nanoparticle size for different targets as reported in literature

Target {used pulse width and time duration)
at different case studies}

Recommended pulse width and
time duration

Nanoparticle size

Si/(13 ns, 30 min), (13 ns,30 min), (13 ns, 30 min),
(10 ns, 30 min), (120 ps,15 min), (15 ns, NA),
(NA,10 min), (15 ns, NA), (10 ns, NA),
(15 ns,4 h), (8 ns, NA)

Pulse width 13 ns, and irradiated
for 30 min

6 nm

Cu/(5–6 ns, NA), (7 ns, NA), (5 ns, 15 min),
(NA, 30 min), (NA, 15 min)

Pulses of 5 ns, and ablation
time 15 min

10 nm

Au/(NA, 15 min), (5 ns, 15 min), (5–7 ns, 20 min),
(10 ns, 8 min), (120 ps, 20 min), (NA, 5 min),
(15 ns, 20 min), (10 ns, 5 min), (10 ns, 20 min),
(7 ns,10 min), (500 fs, NA)

Pulses of 5 ns and ablation
time 15 min

Average sizes of
approximately 5.0 nm

Ag/(NA, 10 min), (10 ns, 30 min), (7 ns, NA),
(7 ns, 4 min)

Pulse width was 7 ns and
ablated for 4 min

16.77, 26.76, and 32.24 nm

Al/(5 ms, NA), (6 ns, 10 min), (5 ns, NA),
(6.1 ns–2 h)

Laser pulses of 6 ns, duration 10 min Smaller than 100 nm in diameter,
mostly ~ 40–50 nm

Zn/(7 ns, 60 min), (5 ns, 90 min), (6 ns, 1.5–3 h),
(8 ns, 60 min), (2 ms, NA)

Pulse width was 8 ns and
irradiation time 60 min

2.8, 3.3, 3.7, and 4.7 nm

Ti/(5 ns, 30 min), (25 ns and 25 ps, NA), (6 ns, NA) Pulse duration of 5 ns and
irradiation time was 30 min

9, 12, and 13 nm

Pt/(6 ns, 1 h), (15 ns, NA), (17 ns, 1 h) Pulse width was 17 ns and
irradiation time 1 min

2.4 nm

Fe/(3 ns, 7 min), (300 fs, NA), (0.5 and 2 ms, NA) Pulse duration of 3 ns and
irradiated for 7 min

The mean particle size of 20 nm

Table 13 Appropriate ambient gases used for different targets as learned from the literature

Target/{used gases at
different case studies}

Recommended gases Pressure (Minimum) mean NP size
and NP shape

Remarks

Si/{H, He, Ar,
(He, Ar)}

He or Ar 1 to 10 Torr 10 to 25 nm, spherical Nanoparticle distribution in an
ambient He gas was different
from that in ambient Ar gas

Zn/Mixed O2/N2 Mixed O2/N2 gas 150 kPa was added to
fixed 100 kPa
background oxygen.

~ 60 nm, crystalline
structure

Size distribution of 10–100 nm
at room temperature

Ti/Air Air 0.1 MPa Particle diameter of
11–45 nm, spherical

The primary particles diameter
increases with temperature

Pt/He He 1 to 5 Torr 4.4 to 5 nm, very smooth
and dense

He pressures increased, the
surface roughness increased

Fe/N2 N2 0.05–0.25 MPa 18 to 33 nm The target size has a large
effect on the nanoparticle
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emission and the corresponding sounds near the focal
point are much higher. Counterintuitively, the most ex-
ceptional sound and emission are produced when the
target lies just prior to the focal plane, where the size of
the NPs increases.

Medium of ablation ambient

Pulsed laser ablation deposition (PLAD) in an ambient
gas has been widely used to synthesize NPs and can be
controlled via the type of ambient gas, pressure, and the
position of the substrate collecting the NPs. Pressure is
the best variable when it comes to manipulating the size
of the NPs; however, complete size control is compli-
cated due to the randomness of gaseous collisions. Its
temperature is especially challenging to control.

Coalescence is the primary factor in deciding the prima-
ry NPs’ diameter. A summary of the most appropriate
ambient gases for different targets is tabulated in
Table 13.

Pulse laser ablation in liquids (PLAL) is suitable for
the synthesis of NPs. The effects of ambient liquids on
the synthesized NPs and solvent media (distilled water,
ethanol, and acetone) can result in various sizes, shapes,
compositions, and crystal structures. It was shown that
laser ablation of many noble metals within solvents
results in colloidal settles of these metals. For example,
when using Cu as a target, submerging it in acetone
instead of water results in smaller NPs at a lower fluence
and the lack of oxidation. The suitability of solvents,
along with their prospects and limitations for multiple
targets are tabulated in Table 14.

Table 14 Appropriate solvents used at different targets as learned from the literature

Target/{used liquids or solvents at
different case studies}

Recommended liquid/solvent Shape Remarks

Si/{(deionized water), (ethanol)} Ethanol Spherical or
nearly
spherical

Besides silicon NPs, silicon oxide
NPs presented.

Cu/{deionized water and hydrogen
peroxide}(deionized water), (acetone)

Acetone Spherical The production is Cu NPs without
oxidization

Au/(ethanol), (deionized water), {LiCl,
NaCl, KCl, NaBr, and NaI added to
deionized water}, {ethanol, deionized
water and mixture of deionized water
and ethanol}

Ethanol, deionized water Spherical In ethanol increased the larger
particles but in the water smaller
particles

Ag/{(chlorides (NaCl, KCl) or iodides
(NaI, KI) added to Neat water)},
(deionized water), (acetone)

Acetone, deionized water Spherical The mean diameter from 12 to
29 nm in deionized water. The
average size from 12.99 to
32.24 nm in acetone.

Al/(ethanol), (deionized water) Ethanol Spherical In ethanol without oxidation

Zn/{HCl, NaOH, HCl, deionized water},
deionized water, {distilled water,
sodium dodecyl sulfate (SDS)},
{hydrogen peroxide pure H2O2, and
H2O2 mixed with sodium dodecyl
sulfate (SDS),
cetyltrimethylammonium bromide
(CTAB) and octaethylene glycol
monododecyl ether (OGM)}

{Hydrogen peroxide pure H2O2, and
H2O2 mixed with sodium dodecyl
sulfate (SDS),
cetyltrimethylammonium bromide
(CTAB) and octaethylene glycol
monododecyl ether (OGM)}

Grain The grain sizes measured were 4.7,
3.7, 3.3, and 2.8 nm in pure
H2O2 and H2O2 mixed with
SDS, CTAB, and OGM

Ti/deionized water Deionized water Perfectly
spherical

With titanium dioxide

Pt/deionized water Deionized water Spherical The most homogeneous Pt

Fe/(distilled water), (ethanol), (acetone) Distilled water, ethanol and acetone Spherical
nanoparticles
were
observed for
all solvents

The colloidal stability of the
nanoparticles is the highest in
acetone, but the least in ethanol
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Conclusion

This work encompasses details on the optimal synthesis
of NPs reported in the literature, such as laser pulse
parameters, laser fluency, laser focusing parameters,
and the medium of ablation ambient.

The following conclusions are made:
The laser ablation method is a superior method with

minimal side effects for synthesizing NPs. Many types
of NPs can be produced using this method. The liquid
medium at room temperature affects the shape, size, and
distribution of the NPs colloidal/solutions for multiple
targets, while also dictating the composition of the NPs.

The gas media of a solid target placed in a vacuum
chamber is regarded as a versatile deposition method for
the growth of thin films from almost any kind of solid
target materials.

The threshold values and optimum working conditions
of the parameters are vital towards the success of material
ablation in the context of the particulates, atoms, and ions,
and consequently, the optimum synthesis of NPs.

The energy density and size of the NPs are inversely
related, up to a critical point, after which the size of the
NP cease to be a function of energy density. It was also
confirmed that both the pulse width and time duration
are crucial factors towards the formation and size distri-
bution of the NPs. The particle size of the colloids can
be customized using laser wavelengths of 1064–355
nm, with higher wavelengths resulting in increased ef-
ficiency and better defined spherical particles. The rate
of pulse repetition can be used to alter the size of the NP,
the influence of which was determined to be a nonlinear
dynamic process of the PLA. The standard pulse repe-
tition rate is reported to be ~ 10 Hz. The focus param-
eters were tested at multiple distances close to the focal
point to determine the distances above and below the
focal point for making small adjustments; the convex
lens of focal length between 30 and 100 mm is oft-cited
in literature. In terms of the ambient medium of ablation,
there are multiple control variables when utilizing am-
bient gases, such as the type, pressure, and position of
the substrate gathering the NPs. Pressure represents the
most straightforward factor that can be used to change
the size of the NPs. For ambient liquids, different sol-
vent media (distilled water, ethanol, and acetone) result
in different sizes, shapes, compositions, and crystal
structure of the synthesized NP. Finally, the optimal
working conditions and values of the parameters are
vital towards the success of ablation in forming NPs.
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