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Abstract
Laser ablation is a method for fabricating various kinds of nanoparticles including semiconductor quantum dots, 
carbon nanotubes, nanowires, and core shell nanoparticles. In this method, nanoparticles are generated by 
nucleation and growth of laser-vaporized species in a background gas. The extremely rapid quenching of vapor is 
advantageous in producing high purity nanoparticles in the quantum size range (< 10 nm). In this review, the 
formation mechanism of nanoparticles by laser ablation is summarized. Recent progress on the control of 
nanoparticle size and the challenges for functional nanoparticle synthesis by advanced laser ablation technology 
are then discussed.
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1. Introduction

Nanoparticles have a variety of unique properties that 
are not observable in bulk materials (Buzea et al., 2007). 
The most critical characteristic of nanoparticles is that the 
properties (electrical, optical, magnetic, and so on) depend 
strongly on the size and size distribution of the particles 
(Kim et al., 2014). For example, silicon nanoparticles are 
photoluminescent in the visible spectrum at room tem-
perature (Kenemitsu, 1995; Yoshida et al., 1998); the 
wavelength of the emitted light can be controlled with the 
particle size (Orii et al., 2003a). Nano-sized titania parti-
cles have also gathered attention as building blocks for 
photovoltaic devices (O’regan and Gratzel, 1991) and for 
photocatalytic applications (Fujishima and Honda, 1972). 
The photochemical properties of titania nanoparticles also 
have a strong dependence on particle size as well as on 
crystal structure. Many kinds of nanoparticles exhibit 
special characteristics (ferromagnetism, paramagnetism, 
pinned emission, fluorescence, spin quantum effect, etc.) 
when the size of a particle is at the nanoscale level (Zheng 
et al., 2004; Kim et al., 2011; Kim et al., 2014). The spe-

cial characteristics are significantly impacted by the size 
and size distribution of the particles.

Various nanoparticle fabrication methods have been 
developed with the bottom-up approach in the liquid 
phase (including sol-gel and chemical reduction) as well 
as vapor phase (such as physical/chemical vapor deposi-
tion and flame synthesis). Each fabrication method has 
advantages and disadvantages. Liquid phase methods are 
cost-effective and are used for synthesizing various kinds 
of nanoparticles with well-controlled structures at the labo-
ratory scale. Vapor phase processes are superior at synthe-
sizing high purity nanoparticles by means of the continuous 
flow reactor. In both of the liquid and gas bottom-up 
processes, solid nanoparticles are generated from the nu-
cleation of supersaturated species that are prepared by 
precursor reactions and/or evaporation of solids. Laser 
ablation is a method that utilizes laser (which is an acro-
nym for light amplification by stimulated emission of 
radiation) as an energy source for ablating solid target 
materials. In this process, extremely high energy is con-
centrated at a specific point on a solid surface to evapo-
rate light-absorbing material. The term ‘ablation’ refers to 
the removal of surface atoms and involves not only a sin-
gle photon process (breaking the chemical bonds) but also 
multiphoton excitation (thermal evaporation). High-purity 
nanoparticles can be generated by laser ablation because 
the purity of the particles is basically determined by the 
purity of the target and ambient media (gas or liquid) 
without contamination from the reactor. However, it is 
difficult to control size distribution, agglomeration, and 
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crystal structure in the conventional laser ablation process 
since nanoparticles are built by random (Brownian) mo-
tion of molecules. Therefore, several advanced laser abla-
tion techniques have been developed for fabricating 
morphology-controlled nanoparticles. In this review, laser 
ablation-based nanoparticle formation processes and their 
mechanisms are briefly discussed, followed by a review 
of recent studies of laser ablation techniques for synthe-
sizing various kinds of nanoparticles. Finally, advanced 
laser ablation processes for synthesizing functional nano-
materials with highly controlled nanostructures are intro-
duced.

2. Nanoparticle formation by laser ablation

2.1 Basic concept of laser ablation

Fig. 1 is a schematic of the nanoparticle formation pro-
cess by laser ablation. When the laser beam is focused on 
the surface of a solid target material in the ambient media 
(gas or liquid), the temperature of the irradiated spot rap-
idly increases, vaporizing the target material. The colli-

sions between the evaporated species (atom and clusters) 
and the surrounding molecules result in excitation of the 
electron state coupled with light emission and generation 
of electrons and ions, forming a laser-induced plasma 
plume (Fig. 2). The plasma structures (size of the plume 
and its emission spectrum) depend on the target material, 
ambient media (liquid or gas), ambient pressure, and laser 
conditions. Fig. 3 shows typical transmission electron mi-
crographs of nanoparticles generated by laser ablation of 
various materials. In general, laser ablation in low-pressure 
background gas is preferable for creating a large plume 
and works well in generating small particles (Fig. 3(a)). 

Fig. 2 Laser-induced plume of silicon in low pressure.

Fig. 1 Schematic of particle generation procedure in the laser ablation process.

Fig. 3 Typical transmission electron micrographs of laser ablation- 
generated (a) silicon, (b) carbon and (c) surface-oxidized 
nickel nanoparticles. (d) Aggregates of nickel nanopar-
ticles as a result of coagulation and necking.
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Laser ablation in liquid is employed to confine the plasma 
plume in a small region to directly disperse nanoparticles 
in the liquid phase (Fig. 3(b)). In any case, the ambient me-
dia must be carefully selected because the laser-generated 
particles easily react with surrounding molecules to create 
complexes such as oxides and other undesirable species 
(Figs. 3(b) and (c)). Coagulation is another critical phe-
nomena that must be finely controlled in the later stages 
of nanoparticle formation. Since laser-generated particles 
have a very clean surface, agglomerated particles create 
chemical bonds at the contact point (neck), which signifi-
cantly compromise the properties of primary particles 
(Fig. 3(d), Sakiyama et al., 2004). The low-pressure gas 
process is advantageous not only for reducing the size of 
the primary particles but also for preventing coagulation.

2.2 Laser

For the fabrication of nanoparticles of the desired size 
and structure, the selection of a suitable laser system is 
one of the most critical decisions. The evaporation rate of 
the target material is generally determined by the laser 
parameters (laser source, wavelength, f luence, pulse 
width and frequency), the light absorption efficiency of 
the target material, and the condition of the ambient me-
dia. Laser energy per unit area on the target material is 
defined as fluence of the laser F, which is given as,

IF
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where I [J/pulse] is the laser power and A [m2] is the area 
of the laser spot. In the case of silicon nanoparticle forma-
tion using the double harmonic wave of the Nd:YAG laser 
(wavelength of 532 nm), a laser with a fluence (F) of more 
than several J/cm2 is frequently used. The wavelength of 
the laser is another important parameter that determines 
the absorption efficiency of the target. The absorption 
depth and spot (focusing) area are also influenced by laser 
wavelength (Friedrich et al., 1998). In early studies of 
nanoparticle synthesis by laser ablation, excimer lasers in 
the ultraviolet spectrum (193 nm for ArF, 248 nm for 
KrF) are often used as a light source (Yoshida et al., 1996; 
Shinde et al., 2000). Recently, Q-switch pumped pulsed 
YAG (Yttrium Aluminum Garnet) lasers are more com-
monly used for laser ablation because they do not require 
hazardous gases. The wavelength of Nd:YAG laser 
(1,064 nm for fundamental wave) can be changed by em-
ploying nonlinear optical crystals. For example, 532 nm 
for second harmonic generation and 355 nm for third har-
monic and other frequency mixing are possible. Overall, 
it is difficult to attain stable ablation using the fundamen-
tal wave because of the weaker light absorption in the in-
frared region (Lu et al., 2008). Torrisi et al. (2003) 
investigated the effect of wavelength on laser ablation of 

solid Cu using a 1064 nm Nd:YAG laser and a 308 nm 
XeCl excimer laser. They showed that UV laser is more 
efficient at evaporating the copper atoms, even though in-
frared radiation has higher ionic kinetic energy and 
higher plasma temperature. Lu et al. (2008) calculated the 
evaporation thresholds of Si and estimated them to be 
2 × 1010 W/cm2 for a 266 nm wavelength laser and 
4 × 1011 W/cm2 for a 532 nm wavelength laser. Short pulse 
lasers (nanoseconds) with less energy density have also 
been used to generate Si nanoparticles. As an example, 
Seto et al. (2001b) generated Si nanoparticles with a 5 ns 
pulsed Nd:YAG laser (532 nm) with an average fluence of 
16 J/cm2 (about 3 × 109 W/cm2). The pulse width of the 
laser is also another important parameter that determines 
peak energy. Recently picosecond (Lau et al., 2014) and 
femtosecond lasers (Fischer et al., 2015) have been ap-
plied to enhance the photon absorption efficiency of the 
target surface to break chemical bonding.

2.3 Change in the temperature by laser 
irradiation

When the target surface is irradiated with short laser 
pulses, the absorbed photon energy is transferred to the 
solid lattice as a form of thermal (internal) energy. Heat 
transfer in the electron and lattices subsystems can be 
characterized by the following one-dimensional, two- 
temperature diffusion equations with temperatures of 
electron Te and lattices Ti (Chichkov et al., 1996).
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where Ce and Ci are the heat capacities of the electron and 
lattices subsystems, z is perpendicular direction to the 
heat surface, Q(z) is the heat flux, γ is the electron-phonon 
coupling strength, S is the laser source term, ke is the heat 
conductivities of the electron, I(t) is the laser intensity, A 
is the absorbance of the sample, and 1/α can be defined as 
the optical penetration depth.

Equations (2–4) can be modified for the laser pulse 
width. In the case of nanosecond laser pulses, Te is as-
sumed to be equal to Ti (Chichkov et al., 1996) due to the 
duration of the laser pulse being much larger than the lat-
tice heating time. Then equations (2–4) can be reduced to

i
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where, ko is the conventional equilibrium thermal conduc-
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tivity of a substance.

2.4 Nucleation and particle growth

Since the laser-vaporized materials are very rapidly 
quenched from extremely high temperatures (> 5000 K) 
to room temperature (usually shorter than 50 μs after the 
laser pulse; Wen at al., 2006), nanometer-sized particles 
form by supersaturated vapor nucleation at the edge of the 
laser plume (Fig. 1(c)). The change in the number concen-
tration of vaporized material (monomer), clusters, and 
particles can be given by the general dynamic equation 
(Pratsinis and Kim, 1989) by considering nucleation, con-
densation, and coagulation. Numerical simulations of the 
solutions to the general dynamic equation have been con-
ducted for predicting the size distribution of nanoparticles 
generated by the ablation process (Wen et al., 2007; 
Kuroda et al., 2012). It should be noted that there are 
significant contributions of electron and ion species on the 
nucleation process, i.e. ion-induced nucleation in the laser 
ablation process. As a result, the particles generated by 
the laser ablation were electrically charged (Seto et al., 
2003). However, it is still difficult to reproduce the rapid 
change in the size distribution due to nucleation and 
growth of the laser-vaporized materials. To experimen-
tally analyze the particle formation process, advanced 
in-situ observation techniques are necessary. Emission 
spectroscopy of plumes (Geohegan et al., 1998) is one in-
situ measurement technique for investigating the dynamics 
of particle formation. The mobility analyzing technique 
may also be applied to investigate the effect of particle 
generation conditions on the size distribution as discussed 
later in this review.

3. Synthesis of various kinds of nanoparticles 
by laser ablation

3.1 Semiconductor quantum dot

A semiconductor quantum dot is a nanocrystal that ex-
hibits quantum properties such as tunable light emission 
driven by the quantum confinement effect (Canham, 
2000) and single electron transport phenomena (Tilke et 
al., 2001). There are some reports on the synthesis of II–
VI and III–V semiconductor quantum dots by laser abla-
tion such as formation of GaAs nanocrystals (Perriere et 
al., 2001), ZnSe and CdS quantum dots (Anikin et al., 
2002), CdSe and CdTe nanoparticles (Ruth and Young, 
2006) that can be applied to the study of optical imaging 
therapy (Wolfbeisref, 2015). However, the laser ablation 
process for composite materials is challenged in con-
trolling the stoichiometry and crystallinity in the process 
for rebuilding laser-vaporized elements. Group-IV ele-

ments such as silicon and germanium and carbon 
nanoparticles are single element semiconductors. Silicon 
and carbon are abundant (non-rare metal) elements that 
exhibit a variety of unique properties when the particle 
sizes are in the nanometer range. Therefore, we will focus 
on the synthesis of silicon and carbon nanoparticles in 
this review.

Table 1 lists laser ablation studies on silicon nanoparti-
cle synthesis. Okada and Iijima (1991) measured the oxi-
dation rate of silicon nanoparticles generated by laser 
ablation and found that the oxidation rate drops with de-
creasing particle size. They used a YAG laser of 12 milli-
second pulse width and produced 20–500 nm particles 
under pressures of 0.75 to 3 Pa. Yoshida et al. (1996) syn-
thesized silicon crystallites in gas between pressures of 333 
to 1330 Pa using an argon-fluoride (ArF) excimer laser 
(193 nm wavelength, 12 ns pulse width, fluence 1 J/cm2). 
They showed mean diameter of particle can be varied as a 
function of the He background gas pressure. The mean 
diameter calculated from the SEM images were about 
23 nm at 333 Pa, 36 nm at 432 Pa, and 52 nm at 665 Pa. 
Pressure effects on particle size in laser ablation genera-
tion was studied in more detail by Seto et al. (2003) 
through particle classification with a low pressure differ-
ential mobility analyzer (low pressure DMA, LPDMA, 
see later section). Suzuki et al. (2001) investigated the 
suitability of LPDMA as a size classification tool for the 
silicon nanoparticles generated by laser ablation under 
low-pressure conditions. They compared the mode size 
and the geometrical standard deviation (GSD) of silicon 
nanoparticles with and without LPDMA size classifica-
tion. The GSD was significantly reduced from 1.6 (as- 
prepared) to 1.2 for particles as small as 4 nm after 
classification by LPDMA. The results indicate that size 
classification is effective for generating the monodis-
persed nanoparticles that can be used to clarify the rela-
tionship between quantum properties and size.

Another important factor affecting the quantum 
properties of Si nanoparticles is their crystallinity. Unfor-
tunately, laser ablation tends to generate amorphous ag-
glomerates which have poor (broad) optical properties 
(Hirasawa et al., 2004). Gas phase annealing is an effec-
tive method to improve crystallinity and the shape of the 
Si nanoparticles. Fig. 4 shows laser ablation process cou-
pled with gas phase annealing, particle classifying, and 
particle measurement systems. Since laser ablation sys-
tems have good compatibility with gas flow reactors and 
other instruments as shown in Fig. 4., particle morpholo-
gies (size, shape and crystallinity etc.) can be controlled 
in the aerosol phase. Hirasawa et al. (2004) investigated 
the change in the crystallinity of Si nanoparticles by 
Raman spectroscopy and TEM as a function of the gas-
phase annealing temperature. They also employed LPDMA 
for size selection and studied the size-dependent crystalli-
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zation process of Si nanoparticles in the gas phase. Based on 
their analysis, for Si nanoparticles (< 10 nm), gas phase an-
nealing over 900 °C is effective in improving both crystal-
linity and shape as a result of sintering. The size-classified, 
spherical, and single crystal Si nanoparticles generated by 

the method exhibited sharp photoluminescence (PL) that 
was tunable with the size of Si nanoparticles (Orii et al., 
2003a, b). The PL spectra of Si nanoparticles showed that 
peak energy increased from 1.34 to 1.79 eV with a drop in 
particle size from 7 to 3 nm, and full width at half maxi-

Table 1 Silicon nanoparticle synthesis studies using pulsed laser ablation method (A: annealing, m: mean, M: mode)

Author Laser Source Pressure Additional Process Particle Particle size

Okada and Iijima 1991 YAG 0.75~3.0 Pa 20~500 nm

Yoshida et al. 1996 ArF excimer

333~1330 Pa 3~100 nm
333 Pa Aggregates (m) 23 nm
434 Pa Aggregates (m) 36 nm
666 Pa Aggregates (m) 52 nm

Seto et al. 2001a Nd:YAG 666 Pa DMA Primary 2~7 nm

Seto et al. 2001b Nd:YAG 666 Pa DMA Primary (M) 7, 10 nm

Suzuki et al. 2001 Nd:YAG
666 Pa Primary (M) 6 nm

666 Pa DMA Primary (M) 3.8 nm

Seto et al. 2003 Nd:YAG

333 Pa Aggregates ~70 nm
666 Pa Aggregates ~ 120 nm
280 Pa DMA Primary (M) 5 nm
334 Pa DMA Primary (M) 4 nm
380 Pa DMA Primary (M) 4 nm
380 Pa DMA Aggregates (M) > 6 nm
434 Pa DMA Primary (M) 4 nm
434 Pa DMA Aggregates (M) > 6 nm

Orii et al. 2003a Nd:YAG 931 Pa (A) 900 °C, DMA Primary (M) 3~6 nm

Orii et al. 2003b Nd:YAG 931 Pa (A) 900 °C, DMA Primary (M) 6.9 nm

Hirasawa et al. 2004 Nd:YAG

1000 Pa (A) 300 °C, DMA Primary (M) > 14 nm
1000 Pa (A) 500 °C, DMA Primary (M) 11.2 nm
1000 Pa (A) 700 °C, DMA Primary (M) 10.3 nm
1000 Pa (A) 900 °C, DMA Primary (M) 10 nm

Hirasawa et al. 2006 Nd:YAG 1000 Pa DMA Primary 7~14 nm

Fig. 4 Schematic of nanoparticle synthesis process using laser ablation, which is composed of (a) particle gen-
eration, (b) gas phase annealing, (c) particle classifying, and (d) particle measurement.
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mum (FWHM) of the PL drops to approximately 0.22 eV 
as a result of size classification by the LPDMA.

3.2 Metal and oxide nanoparticles

Metal and metal oxide nanoparticles also display vari-
ous unique features that have potential for electrical, 
magnetic, catalytic, and optical applications. Some stud-
ies on the synthesis of metal and metal oxide nanoparti-
cles by laser ablation are listed in Table 2. Kawakami et 
al. (2002) produced gold nanoparticles by laser ablation 
under helium gas under pressures of 3 to 90 kPa. They 
generated a film by directly depositing the gold nanopar-
ticles on the substrate by generating an aerosol-jet. The 
microstructure of the gold film changed from porous to 
high density with increasing pressure. As a result, the 
electrical resistivity of the film changed from 10–1 Ωcm 
(3 kPa) to 10–5 Ωcm (50 kPa). Dikovska et al. (2013) also 
synthesized silver nanoparticles by laser ablation under 
high vacuum conditions (~10–5 torr). They investigated 
the influence of Nd:YAG laser wavelength on the size of 

generated particles. They reported that a shorter wave-
length (266 nm) was better at generating smaller particles 
(4 nm in diameter) and that it exhibited surface plasmon 
resonance.

Magnetic nanoparticles from transition metals and 
metal alloys have also been synthesized by laser ablation. 
Since magnetic properties are strongly influenced by pu-
rity, crystallinity, and particle size of the nanoparticles, 
advanced laser ablation (Fig. 4) is significantly more ca-
pable of controlling nanoparticle morphologies. Sakiyama 
et al. (2004) fabricated Ni particles of a select size coated 
with a NiO shell with the laser ablation method. They also 
applied the aerosol process, i.e., LPDMA size classifica-
tion, and gas phase annealing to improve Ni nanoparticle 
morphology. A Ni/NiO core shell structure was success-
fully generated by the oxidation of Ni nanoparticles. Seto 
et al. (2004, 2005) investigated the magnetic properties of 
Ni/NiO nanoparticles generated by this method using a 
superconducting quantum interference device (SQUID) 
magnetometer at room temperature. Ferromagnetism was 
observed with a film comprising nickel particles larger 

Table 2 Metallic nanoparticle synthesis studies using pulsed laser ablation method (A: annealing, m: mean, M: mode, S: shell 
thickness)

Author Laser Source Material Pressure Additional Process Particle Particle size

Shinde et al. 2000 Excimer
FexOy 266 Pa Cold Finger 30~60 nm
SrM 266 Pa Cold Finger 15~100 nm

Seto et al. 2001a Nd:YAG TiOx 2.6~13.3 kPa DMA Primary 10~50 nm

Hirasawa et al. 2002 Nd:YAG TiOx

1.73 kPa DMA Primary (M) 5.9 nm
1.73 kPa (A) 500 °C, DMA Primary (M) 4.9 nm
1.73 kPa (A) 650 °C, DMA Primary (M) 4.4 nm
1.73 kPa (A) 800 °C, DMA Primary (M) 6.9 nm
1.73 kPa (A) 900 °C, DMA Primary (M) 14.3 nm

Harano et al. 2002 Nd:YAG TiOx 101.3 kPa Aggregates 10~50 nm, 
100~1000 nm

Kawakami et al. 2002 Nd:YAG Au

3 kPa DMA Primary (M) 8 nm
7 kPa DMA Primary (M) 13 nm

20 kPa DMA Primary (M) 20 nm
30 kPa DMA Primary (M) 30 nm
50 kPa DMA Primary (M) 75 nm
90 kPa DMA Primary (M) 80 nm

Sakiyama et al. 2004 Nd:YAG Ni/NiO
1 kPa DMA Aggregates

1 kPa (A) 400~800 °C, DMA Primary 5~20 nm  
(S) 2 nm

Seto et al. 2006 Nd:YAG CoPt 1 kPa (A) 1000 °C, DMA Primary (M) 14 nm

Seto et al. 2007 Nd:YAG CoPt/SiO2 1 kPa (A) 1000 °C, DMA Primary (M) 7 nm,  
(S) 2 nm

Niu et al. 2012 KrF excimer FeNi
High vacuum Primary (M) 4 nm

266 Pa Aggregates (M) 6 nm

Dikovska et al. 2013 Nd:YAG Ag ~10–3 Pa Primary (M) 4~11 nm
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than 6.2 nm in core diameter. In contrast, smaller Ni 
nanoparticles with core diameters of 3 nm exhibited su-
perparamagnetism. They reported that the formation of 
an antiferromagnetic NiO shell is effective for controlling 
the manifestation of superparamagnetism in the nanometer- 
sized ferromagnetic Ni core.

Another approach for overcoming the superparamag-
netic limit is to synthesize highly anisotropic magnetic 
alloy nanoparticles such as fct FePt and CoPt. Alloy 
nanoparticles of Co and Pt were synthesized by laser ab-
lation by varying the Co:Pt ratio of the target (Seto et al., 
2006). Their EDX results showed that the composition of 
the generated particles could be controlled by the target 
composition. The magnetization of the laser-synthesized 
CoPt particles (83.7 emu/g) was almost double that of 
bulk CoPt (44 emu/g). They also observed a weak ex-
change coupling at the interface between the ferromag-
netic core (CoPt) and antiferromagnetic shell (CoO). Seto 
et al. (2007) also investigated the influence of shell mate-
rial by synthesizing a non-magnetic SiO2 shell by laser 
ablation of a multi-component target comprising Co, Pt 
and SiO2. Metal oxide and metal composite nanoparticles 
have also been generated by laser ablation. Shinde et al. 
(2000) also synthesized iron oxides and strontium ferrite 
(SrM) with the laser ablation method and evaluated the 
magnetic characteristics.

Vapor phase synthesis of titania (TiO2) nanoparticles 
has been extensively investigated since they have photo-
voltaic and photocatalytic applications (Harano et al., 
2002; Pallotti et al., 2015). Seto et al. (2001a) synthesized 
TiOx particles by Nd:YAG laser ablation of a TiO2 target 
in a background gas (He) with pressure ranging from 2.6 
to 13.3 kPa. They observed increases in the mobility di-
ameter due to agglomeration as the pressure increased. 
High-resolution TEM analysis of the nanostructures of the 
generated revealed that the metallic (Ti) core was covered 
with a sub-stoichiometric shell structure with a thickness 
of several nanometers. Hirasawa et al. (2002) also synthe-
sized TiOx nanoparticles by laser ablation and investigated 
the effect of aerosol post-annealing temperatures of up to 

900 °C. They reported an increase in the primary particle 
diameter due to sintering and change in crystallinity from 
amorphous form to anatase and rutile, which was con-
firmed by Raman scattering. They also discussed the 
non-stoichiometric phase of TiOx particles such as Ti2O3. 
More recently, Tsuji et al. (2012) investigated the effect of 
nucleation (particle formation) temperature on the mor-
phology of TiO2 nanoparticles generated by the laser oven 
process (laser ablation in a tubular furnace).

3.3 Nanocarbons and nanowires

The benefit of non-equilibrium laser ablation nucleation 
processes is that it can generate various kinds of crystal 
phases and allotropes that are not seen in the normal 
(equilibrium) synthesis processes. Fig. 5 shows transmis-
sion electron micrographs of nanometer scale carbon allo-
tropes (nanocarbons) such as carbon nanotubes (CNTs, 
Fig. 5(a)), onion-like carbon (Fig. 5(b)), and nano- 
diamonds (Fig. 5(c)) synthesized by laser ablation. Since 
laser ablation is superior at generating high-purity and 
nanometer-sized metal particles, it is also suitable as a 
catalyst for the growth of single walled carbon nanotubes 
(SWCNTs) on the substrate. For example, Kohno et al. 
(2004) generated Co/Mo and Co/Pt alloy nanoparticles by 
laser ablation and investigated the ethanol-CVD growth 
of the CNT on the substrate. In another development, la-
ser ablation in a high temperature flow reactor (laser oven 
method) has been widely used to generate high-purity 
SWCNTs (Puretzky et al., 2000). References on carbon- 
related nanomaterial synthesis using gas-phase laser abla-
tion are arranged in Table 3. Compared to conventional 
CVD formation on substrates, the laser oven method has 
an affinity for generating SWCNTs with low level of 
defects in a continuous flow-type generator.

As an example of nanocarbon generation in a flow-type 
generator, a simple and continuous one-step system using 
the laser oven method generated a SWCNT aerosol 
(Klanwan et al., 2010). A graphite target containing Ni 
and Co was ablated by pulsed laser in the tubular furnace 

Fig. 5 Transmission electron micrographs of nanocarbons generated by laser ablation. (a) Onion-like carbon, (b) 
carbon nanotubes, and (c) diamond-like nanoparticles.
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at temperatures of 25 to 1080 °C. The generated SWCNTs 
(< 2 nm in diameter, Fig. 5(a)) were carried by atmo-
spheric pressure nitrogen gas for on-line analysis of their 
size distribution using the scanning mobility particle sizer 
(SMPS). Other types of carbon allotropes have been syn-
thesized by advanced laser ablation methods. Inoue et al. 
(2012) synthesized onion-like carbon nanoparticles (Fig. 
5(b)) using a graphite target with a cavity that confined 
the generated particles so they can be irradiated by multi-
ple laser beams. As a result of periodic laser beam irradi-
ation of the gas-suspended carbon particles in the cavity, 
the phase transition from amorphous carbon nanoparticles 
to the orderly concentric graphitic shell structure was 
identified. Seto et al. (2014) also showed that the present 
method is capable of synthesizing a variety of unique 
nanostructured carbons including diamond-like carbon 
(Fig. 5c). They evaluated the change in the density of the 
carbon nanoparticles during the laser-induced phase tran-
sition.

4. Summary—Achieving large-scale 
production of nanoparticles by laser 
ablation

In this review, the formation mechanism and examples 
of nanoparticle synthesis by laser ablation were discussed. 
As mentioned previously, the properties of the nanoparti-
cles depend strongly on size and size uniformity. Ad-
vanced laser ablation methods can generate size- and 
shape-controlled nanoparticles by post processing (Fig. 
4), but that, at the same time, significantly reduces the 
production yield. In addition, laser ablation is disadvan-
taged by high input energy (Kushnir et al., 2008) and the 
small laser-irradiating area for evaporating the target ma-
terials. Therefore, laser ablation applications have been 
limited to exploring unique properties of new types of 
nanoparticles. To achieve large-scale production of 
nanoparticles by laser ablation, it is necessary to generate 

morphology-controlled nanoparticles without subsequent 
post-processing.

Laser ablation has an affinity for synthesizing anisotro-
pic nanomaterials such as carbon nanotubes (Karthikeyan 
et al., 2009), nanorods (Tian et al., 2013) and nanowires 
(Rao et al., 2003) in the large-scale. In these processes, 
high-purity catalysts that are small in size and have good 
crystallinity play an important role in the anisotropic 
growth of such one-dimensional nanomaterials. In addi-
tion, laser ablation has good compatibility with aerosol 
flow systems and with the benefit of being capable of con-
tinuously producing large quantities of nanoparticles as 
well as nanoparticle-based nanomaterials. There are also 
several reports on the production of colloidal metal 
nanoparticles in a liquid flow system (Muttaqin et al., 
2015). Such metal nanoparticles have applications as 
bio-markers.

Size classification by LPDMA is advantageous, not only 
for obtaining size-classified particles, but also for measur-
ing the size distribution of nanoparticles in the gas phase 
process. Therefore, it can be implemented as a process 
monitor for optimizing process parameters (pressure, flow 
rate, temperature etc.). The size distribution of nanoparti-
cles generated by laser ablation can be measured when an 
LPDMA is coupled with a particle detector such as an 
aerosol electrometer (Seto et al., 2001b). Quantum-sized 
particles (< 10 nm) with a relatively narrow size distribu-
tion can be generated by laser ablation under low pressure 
conditions without post-processing. For this purpose, an 
LPDMA/electrometer system can be used for exploring 
the optimum conditions to obtain nanoparticles with the 
desirable size distribution.
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Table 3 Carbon nanoparticle synthesis studies using pulsed laser ablation method in a flow reactor (H: heating, D: diameter, L: 
length, M: mode)

Author Laser Source Structure Pressure Additional Process Size

Puretzky et al. 2000
Nd:YAG SWNTs 66.5 kPa (H) 1000 °C

200 nm/s growth rate
XeCl SWNTs 66.5 kPa (H) 1000 °C

Klanwan et al. 2010 Nd:YAG SWNTs 101.3 kPa (H) 25~1080 °C (D) < 2 nm, (L) > 500 nm

Inoue et al. 2012 Nd:YAG
Amorphous 101.3 kPa Flat target (M) 83 nm
Onion-like 101.3 kPa Cavity target (M) 18 nm

Seto et al. 2014 Nd:YAG
Onion-like

101.3 kPa
Flat target

Diamond-like Cavity target
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