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1 Introduction

Nanostructured materials have gained extensive research interest in the last few
decades owing to its exceptional chemical, optical, electronic and magnetic proper-
ties different from their bulk counterparts. In last few decades, extensive researches
were carried out in the synthesis of colloidal nanoparticles because of their versatile
properties promising for application in various fields like drug delivery [1, 2], imag-
ing [3–6], diagnostics [7–10] and for the growth of nanocomposites with peculiar
optical, mechanical or bioactive properties [11–14]. Pulsed laser ablation (PLA) was
first developed as technique for the growth of thin films in the 1960s, shortly after the
invention of the pulsed ruby laser. Since then, the growth of thin films by laser abla-
tion in vacuum and in various gases ambient has been studied by many researchers.
Wide variety of thin films of high-temperature superconductors [15, 16], metals,
semiconductors, oxides, diamond-like carbon [17, 18] and other ceramics [19, 20]
can be deposited using different targetmaterials and gaseous atmosphere, and varying
parameters such as the laser fluence, laser wavelength and pulse duration.

Pulsed laser ablation is considered as the promising and most flexible technique
because almost all kinds of materials can be ablated at ultra-high-energy density. The
process parameters like irradiation time, energy density, wavelength, etc. during the
growth process can be controlled very easily [21, 22]. Patil and co-workers in 1987
first reported the pulsed laser ablation on solid–liquid interface by ablating a pure
iron target in water to form iron oxides with metastable phases using pulsed laser
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beam [23]. This method is known as liquid phase-pulsed laser ablation (LP-PLA),
and the laser beam is focused on the solid target surface through the liquid. This
pioneering work based on PLA of solids in various liquids opened new routes for
the synthesis of materials and LP-PLA method has been used to produce a wide
variety of novel materials, such as metallic nanocrystals, nanodiamond and related
nanocrystals, nanocrystal alloys and metal oxides with peculiar properties.

LP-PLA techniques have become a promising and versatile growth technique for
nanostructures that allows one to choose suitable solid targets and confining liq-
uids. LP-PLA technique has many advantages over the other conventional physical
methods such as pulsed laser ablation in vacuum, sputtering and evaporation and
chemical methods such as sol–gel and co-precipitation. It is a chemically simple and
clean synthesis process. One of the advantages of LP-PLA technique is that since the
final product is usually obtained without any by-products and hence further purifi-
cation is not required. The other advantage of this technique is that it requires only
inexpensive equipment for controlling the ablation atmosphere, and the parameters
can be controlled very easily. Also, the amount of chemical quantity required for
synthesis is minimum as compared to the other conventional chemical process. The
extreme confined conditions, induced high temperature and pressure region during
the processes, favor the formation of metastable phases. Thus, nanostructures of
metals and semiconductors can be easily synthesized by this technique.

Commercially available colloids are usually synthesized by sol–gel or salt pre-
cipitation processes, and in these processes precursor, additive and surfactant sys-
tems need to be designed for each type of nanoparticles. Metal acetates and car-
bonates are the commonly used chemical precursors for every synthesis process in
nanochemistry. Oxidation of metal and hydroxylations of ceramic samples are the
other drawbacks of these kinds of synthesis techniques. The unreacted precursors and
substituents get agglomerated and remain as sediments in the final colloidal product
[24]. These days, large endeavors are being made for an efficient and systematic
purification and removal of these contaminants [25].

Regardless of the advancement in the field of wet chemistry, the potential of sol–
gel chemistry, particularly product diversity, have not been utilized adequately [26].
Furthermore, the products are often constricted to thermodynamically stable crystal
structures, as a result of which the fabrication of hard ceramics like alpha aluminum
oxide and tetragonal zirconium dioxide becomes complicated. Also, as the required
forces increase exponentially with smaller particle size, it is not possible to form
nanoparticles from these hard materials by mechanical milling. Likewise, milling
processes may introduce contaminants from grinding media [27]. But the develop-
ment and growth of new nanomaterials with LP-PLA technique require comparably
little effort. The limitations of LP-PLA technique are the low yield that is mostly
restricted to about (0.01–0.1) µg/min [28], and there are knowledge deficits on the
physical and chemical processes involved.

LP-PLA technique involves focusing a high-power laser beam onto the surface of
a solid target, which is submerged in a liquid. During this process, the interaction of
laser beamwith the surface of target leads to vaporization of surface and generates an
ablation plume,which containsmany species such as atoms, clusters and ions, rushing
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Fig. 1 Experimental setup
for the LP-PLA technique

out with high kinetic energy. These intermediate species in the plume collide and
react with molecules of the surrounding liquid, thus resulting in the formation of new
compounds containing atoms from both the target and the liquid. Focusing of a high-
power laser beam in nanosecond time scales results in the instantaneous increase in
temperatures and pressures (many thousands of K at tens of GPa) within the reaction
volume. LP-PLA technique which creates high-temperature, high-pressure and high-
density conditions in a localized area thus leads to the formation of novel materials
impossible by other conventional techniques. The experimental arrangement for the
synthesis of nanostructures by LP-PLA techniques is shown in Fig. 1. The necessary
condition for the formation of nanoparticles under ablation in liquid environment is
the melting of the solids which occur at adequately high laser fluence relying upon
the absorption efficiency of the material at the laser wavelength.

During the past decades, extensive research studies were performed in the for-
mation of nanoparticles (NPs) employing laser ablation of solids, either in gas or
in vacuum. This process of pulsed laser ablation can be controlled by understand-
ing the mechanisms of cluster formations, and this technique is now being widely
used for the growth of a large variety of compounds. LP-PLA can be considered as
the extension of this concept. In both laser ablations in vacuum and at the solid–
liquid interface, the interaction of laser beam with the target material is the same.
Also, plasma will be produced in both types of laser ablation process and during
the ablation; a strong confinement of ejected particles will be created as a result of
electron–ion recombination. But the difference is that, for normal PLA the expan-
sion of plasma occurs freely in vacuum, whereas in LP-PLA process, the plasma
is confined by a liquid layer. Additionally, the presence of liquid layer delays the
expansion of plasma, creating a high plasma pressure and temperature leading to the
formation of novel materials. Another favorable aspect of LP-PLA process is that
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the final product may contain the atoms of the solid target material and the liquid, as
both are vaporized during the LP-PLA process. LP-PLA is a flexible and versatile
technique for the synthesis of various novel nanoparticles and can be considered as a
substitute to the well-known chemical vapor deposition (CVD) method. Besides, the
generation of NPs through laser ablation of solid targets in liquid environment avoids
surface functionalization and formation of counter-ions or surface-active substances
[29, 30]. Thus, this LP-PLA offers the advantages of both pulsed laser deposition
(PLD) and other chemical routes. The colloidal dispersion of nanoparticles obtained
during LP-PLA process is found to more stable than that prepared by other chemical
methods. In addition, the materials with complex stoichiometries can be grown by
ablation process very easily. Moreover, materials which can only be synthesized at
high pressure can also be grown by pulsed laser ablation in a liquid medium. Briefly,
thematerialwill be ejected and evaporated upon irradiating the targetwith high power
over 0.1 GW/cm2. A maximum pressure of several GPa generated by shock waves
will be obtained with a laser power density of several GW/cm2 [31]. But processes
involved in the nucleation and transition of nanosystems in the LP-PLA technique
are not clear. Some of the nucleation thermodynamics, the phase transition and the
growth kinetics of nanocrystals by laser ablation of liquids are given by Yang [32].

Generally, LP-PLA is regarded as a quick and far-from-equilibriumprocess. In this
process, the final product may contain all stable andmetastable phases formed during
the different stages of bulk to nanoparticle transition, especially for any metastable
intermediate phases [32, 33]. Specifically, in LP-PLA process, the quenching time is
very short so that themetastable intermediate phaseswhich form during the transition
from bulk to nanoparticle conversion can be frozen in, and final products will be
formed. Berthe and co-workers [34] have mentioned that species ejected from the
solid target surface have a large initial kinetic energy during the very initial stage
of interaction of the high-energy laser with the solid–liquid interface. Due to the
covering effect in the vicinity of the solid–liquid interface, the ejected species will
form a dense region. This stage is similar to that of laser-generated plasma plume in
vacuumor low-pressure gas. The plasma expands adiabatically at supersonic velocity
leads to a shockwave in front of it as the plasma created inLP-PLAprocess is confined
in the liquid. The shock wave thus generated will induce an extra, instantaneous
pressure as it passes through the liquid. This laser-induced pressure will result in
the increase in temperature in the plasma [35, 36]. Therefore, the plasma formed
in LP-PLA is at higher pressure and higher density than that produced in PLA in
gas or vacuum. The localized high temperature will also result in the vaporization
of small amount of the surrounding liquid to form bubbles within the liquid. The
bubbles will expand when more material is vaporized until at a certain combination
of temperature and pressure, and finally, they will collapse. During the collapse of
bubbles, the nearby species are subjected to temperatures of thousands of kelvin (K)
and pressures of several gigapascal (GPa), and these extreme conditions result in the
formation of novel materials [37].

LP-PLA has been used to produce nanoparticles (NPs) of many different metal
elements including silicon [38, 39], titanium [40, 41], zinc [42, 43], cobalt [44, 45],
silver [46, 47], copper [48, 49] and gold [50, 51]. This technique can also be used
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to prepare NPs of compound materials such as TiC [52, 53], TiO2 [54, 55] and CoO
[44] in water and ZnSe and CdS in various solvents, including water [56–58]. The
use of this method opens up the possibility of studying newmaterials at the nanoscale
range for various new applications. LP-PLA has gained much attention recently for
its ability to form more complex, higher-dimensional nanostructures, and a lot of
research is going on the study of dynamical processes among laser–solid–liquid
interactions. A summary of the nanostructures grown by LP-PLA technique is listed
in Table 1.

The synthesis of various metal, semiconducting and ceramic nanostructures by
LP-PLA techniques and their optical properties is discussed in the following sections.

Table 1 Summary of nanostructures grown by LP-PLA technique

Target Medium Laser source Products References

Ag Water Nd:YAG laser
(532 nm)

Ag nanoparticles [46]

Ag Ethanol Cu vapor laser
(510.5 nm)

Ag nanoparticles [52]

Au Water Nd:YAG laser
(532 nm)

Au nanoparticles [46]

Au Alkane liquid Nd:YAG laser
(532 nm)

Au nanoparticles [59]

Co Water Nd:YAG laser
(355 nm)

Co3O4 nanoparticles [44]

Hexagonal BN Acetone Nd:YAG laser
(532 nm)

Cubic-BN
nanoparticles

[60]

Graphite Water Nd:YAG laser
(532 nm)

Diamond
nanoparticles

[61]

Pt/TiO2 Water Nd:YAG laser
(355 nm)

Pt/TiO2
nanoparticles

[62]

Sn Water + SDS Nd:YAG laser
(355 nm)

SnO2 nanoparticles [63]

Ti Water + SDS Nd:YAG laser
(355 nm)

TiO2 nanoparticles [64]

Zn Water + SDS Nd:YAG laser
(1064 nm)

ZnO nanoparticles [65]

ZnO Water Nd:YAG laser
(355 nm)

ZnO nanoparticles [66]

ZnS Water Nd:YAG laser
(266 nm)

ZnS nanoparticles [67]
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2 Metal Nanoparticles by LP-PLA Technique

The synthesis of noble metal nanoparticles such as silver, gold and copper by LP-
PLA is widely studied, and the colloidal nanoparticles of these noble metals exhibit
a very intense color, which is absent in the corresponding bulk counterpart as well
as in the individual atoms. This coloration is due to the surface plasmon resonances
(SPRs), and it is the collective oscillation of the free conduction electrons induced
by the interacting electromagnetic fields [68]. This makes metal nanoparticles a
prominent material for a wide range of applications, including nonlinear optical
devices, biosensors, telecommunication and data storage [69, 70]. The size and shape
of the nanoparticles play a key role in tuning its optical and electrical properties [71].
Severalmethods are available for controlling the size and shape of nanostructures and
which include chemical reduction, ultrasonic reduction, and photolysis of salts [72,
73]. But these chemical reductionmethods result in by-products that contaminate and
affect the stability of the nanostructures. In this context, methods like laser ablation
of solid target in liquid media have got considerable attention because of its safety
and simplicity [74].

Mafune et al. explained the mechanism of nanoparticle growth during liquid
phase-pulsed laser ablation [75], and according to this model, an electrical bilayer is
formed around the nanoparticles, while the plume expands in the media like water
[76]. In these media, the OH group on the nanoparticles generates surface charge and
thus results in an electrical bilayer. The electrostatic repulsion between the charged
nanoparticles prevents further growth and results in stable nanoparticles.

The nanoparticles of gold and silverwith high quality can be synthesized by focus-
ing second harmonics of a neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser (532 nm) operating at a repetition rate of 10 Hz onto a high-purity gold and
silver target immersed in 15 mL of deionized water. The laser fluence dependence on
the formation of these nanoparticles was studied by varying the fluences from 1.2 to
3.8 J/cm2 with an ablation time of 1 h. The dependence of duration of laser ablation
on the formation of nanoparticles has been investigated at particular laser fluence
(1.2 J/cm2), and concentrations of nanoparticles can be measured by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) analysis.

The UV-Vis absorption spectra will give information about the position of surface
plasmon resonance in metal nanoparticles, and it can be monitored using JASCO
V570 spectrophotometer in the wavelength region 200–1000 nm. Figure 2 shows the
SPR peaks of gold and silver nanoparticles colloids prepared at 1.2 J/cm2 which are
in the visible region of the electromagnetic spectrum: 520 nm and 404 nm for gold
and silver, respectively. According to Mie theory, a single SPR peak in the lower
wavelength region for Au nanocrystals indicates the presence of spherically shaped
Au nanocrystals which can be confirmed by TEM images. It is also found that the
absorbance of the gold colloidal nanoparticles at a particular experimental condition
is found to be smaller than silver nanoparticle colloids, and it indicates the increased
concentration of the silver nanoparticles than the gold nanoparticles in water. This
is due to the fact that ablation threshold is different for different materials since it



3 Optical Properties of Metal, Semiconductor and Ceramic … 109

Fig. 2 The UV-Vis
absorption spectra of silver
and gold nanoparticles
grown by LP-PLA technique
at a laser fluence of
1.2 J/cm2 for 1 h

depends upon the work function of the material. Work function may be defined as
the minimum energy required for an electron to escape from the solid surface. For
dragging an ion, out of the target electron requires an additional energy larger than or
equal to the ion binding energy. Thus, the ablation threshold for metals is defined as
the electron energy in the surface layer that must equal to the sum of atomic binding
energy andwork function. Assuming that during the laser–matter interaction process,
the number density of the conducting electrons is unchanged and the condition to
reach the ablation threshold is obtained as [77],

Fm
th ≈ 3

8
(Eb + Eesc)

λne
2π

(1)

where Fm
th is the threshold laser fluence for ablation of metal, Eb is the ion binding

energy, Eesc is the work function, λ is the laser wavelength and ne is the number
density of the conduction electrons in the metal.

The work function of silver and gold is 3.7 eV and 4.7 eV, respectively, that
results in higher ablation rate for silver than gold at particular laser fluence. ICP-
AES analysis shows that the concentration of the silver and gold nanoparticles for
a particular laser fluence is 3.8 ppm and 2.75 ppm, respectively, and it confirms the
dependence of work function on the ablation rate of the metal targets.

Figure 3 shows the UV-Vis absorption spectra of gold nanoparticles prepared at
different laser fluences varying from 1.2 to 3.8 J/cm2. All the samples show a strong
surface plasmon peaks only in the visible region (518–530 nm), and according to
Mie theory, it is a property shown by spherical Au nanoparticles and it corresponds
to the transverse mode of oscillation of the free electron cloud. Non-spherical par-
ticles, such as nanorods, exhibit an additional plasmon mode at higher wavelength
(800 nm) and which correspond to the longitudinal mode of oscillation [78]. The
absorption maxima of gold nanoparticles prepared at different laser fluencies show
a redshift from 518 to 530 nm, and it indicates an increase in particle size [79]. For
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Fig. 3 UV-Vis absorption
spectra of colloidal Au
nanoparticles prepared at
different laser fluences

larger particles, light cannot polarize the nanoparticles homogenously as the local-
ization of the d band electrons in larger clusters increases the screening of the ions
by surface electrons, thereby reducing the polarizability near the surface, and the
retardation effect led to the excitation of higher-order modes [78]. This was regarded
as an extrinsic size effect that results in redshift of SPR peak with an increase in
nanoparticle size.

The amplitude of the SPR peak is found to increasewith an increase in the ablation
power, which can be attributed to the increased concentration of gold nanoparticles
in water. The broadening in the SPR absorption band with decreasing particle size
corresponds to the increased damping known as Landau damping [70]. There is no
contribution to the observed broadening when the particles are apart, but when the
volume fraction of the Au nanoparticles increased, an inter-particle interaction came
into play.

Figure 4 shows the UV-Vis absorption spectra of silver nanoparticles grown at
different laser fluences. The SPR bands peaking at 400 nm in the absorption spectra
confirm the presence of nanosized silver particles. The plasmon band around 400 nm
is attributed to the longitudinal surface plasmon resonance of the free electrons in the
silver nanoparticles. A small shift from 403 to 406 nm is observed in the absorption
peak with an increase in the ablation laser fluence, indicating only a small increase
in the particle size which can be confirmed by TEM analysis (Fig. 6).

Transmission electron microscope (TEM) will tell about the size and shape of the
synthesized metal nanoparticles and was performed with JEOL, TEM working at an
accelerating voltage of 200 kV. For TEM measurements, the sample was prepared
by drop-casting a drop of the colloidal nanoparticle solution onto a regular carbon-
coated copper grid. Figure 5 shows the TEM, high-resolution transmission electron
microscopy (HRTEM), selected area electron diffraction (SAED) patterns and size
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Fig. 4 UV-Vis absorption spectra of silver nanoparticles prepared at different laser fluences

Fig. 5 a and d TEM, b and e size histograms, inset of b and e HRTEM, c and f SAED patterns of
Au nanoparticles prepared at 1.2 (top row) and 3.8 J/cm2 (bottom row)

histograms of gold nanoparticles grown at 1.2 and 3.8 J/cm2. TEM image confirms
the formation of uniformly distributed spherical gold nanoparticles in the aqueous
media, as observed in the UV-Vis absorption spectra. The average particle sizes of
the Au nanoparticles are 4 and 6 nm for 1.2 and 3.8 J/cm2, respectively. The d-
spacing values obtained from the SAED pattern are well-indexed and matches with
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the (220), (200) and (400) planes of gold. The HRTEM displays the atomic planes
corresponding to the (111) plane of gold with d-spacing of 2.35 Å.

Figure 6a and b shows the HRTEM image and SAED pattern of Ag nanoparticles
grown at 1.2 J/cm2. Similarly, Fig. 6c and d shows the HRTEM image and SAED
pattern of silver nanoparticles grown at 3.8 J/cm2. Inset of (b) and (d) shows high-
resolution image showing parallel lines of atoms of silver. The d-values from high-
resolution images and corresponding SAED pattern match with various planes of
Ag. The nanoparticles grown at fluences 1.2 J/cm2 and 3.8 J/cm2 have an average
size of about 4 nm and 7 nm, respectively.

The ICP-AES analysis shows that the concentration of the Au in the colloidal
solution increases with an increase in the duration of laser ablation. Au nanoparticles
of different concentrations such as 3.45, 4.25 and 7.65 ppmwere synthesized at laser
ablation durations of 1, 2 and 3 h, respectively. Presence of Au-NPs was confirmed

Fig. 6 HRTEM of Ag nanoparticles grown at a laser fluence of a 1.2 J/cm2 and c 3.8 J/cm2. b and
d represent the SAED pattern of Ag nanoparticles (inset shows the parallel lines of atoms)
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from the UV-Vis absorption spectra (Fig. 7), showing strong SPR peak at 520 nm. It
was observed that with an increase in the duration of laser ablation, a gentle increase
in the amplitude of the SPR peak is also visible. This corresponds to the increase in
the concentration of the Au nanoparticles in the colloidal solution as noticed from
the ICP-AES analysis. The plasmon peak remains at almost same wavelength owing
to the fact that the particle size remains consistent with duration of laser ablation.

Figure 8 shows theUV-Vis absorption spectra of Ag nanoparticles grown at differ-
ent duration of ablation by keeping particular laser fluence. Similar to gold nanoparti-
cles, here also the amplitude of SPRpeak is increasingwith an increase in the duration
of laser ablation and it is attributed to the increase in number of silver nanoparticles
in water. It also shows that the SPR peak has a blue shift with an increase in the

Fig. 7 UV-Vis absorption
spectra of Au nanoparticles
grown at various duration of
ablation

Fig. 8 UV-Vis absorption
spectra of silver
nanoparticles grown at a
laser fluence of 1.2 J/cm2 for
different durations of
ablation
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duration of laser ablation, and it corresponds to the reduction in particle size due to
the efficient radiation absorption by the previously ablated particles [80].

3 Semiconducting Nanoparticles by LP-PLA

ZnO nanoparticles were synthesized by employing a mosaic target of ZnO (99.99%)
sintered at 1000 °C for 5 h. The target material was immersed in 15 mL of the liquid
media with different pH and was irradiated by third harmonic of Nd:YAG laser
(355 nm, repetition frequency of 10 Hz, pulse duration of 9 ns) at room temperature.
A lens was used to focus the laser beam, and the ablation was done at a laser fluence
of 15 mJ/ pulse. The spot size of the laser beam is about 1 mm. The duration of
ablation was kept constant at 1 h. As a result, highly transparent dispersions of ZnO
nanoparticles in liquid media were prepared by this simple LP-PLA technique at
room temperature.

Transmission electron microscop e (JEOL, TEM)working at an accelerating volt-
age of 200 kV was used to confirm the formation of ZnO NPs. The sample for TEM
was prepared by dropping ZnO nanoparticle colloidal solution onto standard carbon-
coated copper grids and dried before recording the micrographs. TEM studies con-
firm the resulting product after laser ablation in different media contains particles in
the nanoregime. The concentric rings in selective area electron diffraction (SAED)
pattern correspond to formation of hexagonal ZnO. The result clearly proves the
formation of crystalline ZnO NPs, and the formation of molecules like Zn(OH)2 or
ZnO/Zn core shell was not observed from these studies. The formation of ZnO con-
stitutes the reaction of ejected molten material from the target with ambient medium
at the outer surface [81]. Thereafter, the ejected plasma gradually cools down result-
ing in the formation of ZnO itself. The nanoparticles will be charged because there
are many surface oxygen deficiencies. Since the isoelectronic points of ZnO (~9.3)
are well above the pH (7.0) of pure water, it is observed that the as-grown ZnO
nanoparticles by LP-PLA in pure water are normally charged [82]. As a result, this
surface charge prevents the further aggregation, forming self-stabilized nanoparticles
even in the absence of surfactant. Oxygen deficiency in the ZnO NPs synthesized by
LP-PLA will also lead to positive charge which may prevent from agglomeration. It
is found that there is a linear increase in the mean size of the particle with fluence of
the laser pulses and is shown in Fig. 9.

However, higher laser fluence results in generation of bigger size particles with
broad size distribution. Whereas, when the duration of ablation was increased main-
taining lower fluence, the size of the NPs did not increase, but resulted in the increase
in the particle density. But, even for ablation duration of more than 3 h at a laser
energy of 45 mJ/pulse, the transparency of the ZnO nanoparticle colloid remained
as such. While maintaining transparency, a maximum concentration of 17.5 µg/mL
was obtained for ZnO nanoparticles [66].

Figure 10a details the TEM image of ZnO samples after laser irradiation with
energy 25 mJ/pulse in the water (pH ~ 7). The observation indicates the formation
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Fig. 9 Variation of size of
the LP-PLA grown ZnO NPs
with laser fluence [83]

of ZnO particles in the nanoregime. The particle size distribution of ZnO NPs was
observed in a small range (Fig. 10b), and most of the particles are prone to have
size of 7 nm. The HRTEM image (Fig. 10d) with inter-planar d-spacing value of
0.26 nm corresponds to the (002) plane of wurtzite ZnO. The particle size distribution
was found to be nearly uniform. The selective area electron diffraction (SAED)
pattern (Fig. 10c) displays sharp concentric rings corresponding to (100), (002),
(102), (110) and (103) diffraction planes of hexagonal ZnO. Apparently, the results
confirm the formation of crystalline ZnO NPs exhibiting random orientations. The
high-resolution TEM image (inset Fig. 10d) clearly depicts the formation of ZnO
NPs having hexagonal shape and the stacking of about 85 hexagonal unit cells makes
7-nm-sized NPs.

The TEM image shows that the particles are in spherical shape and it has an
average size about 7 nm and the colloid is transparent in nature. The average particle
size of Zn/ZnO composite nanoparticles grown by Zeng et al. [84] was 18 nm, and it
was colored due to turbidity. Also, the ZnO NPs grown under oxygen bubbling into
the water during laser ablation of ZnO targets are found to exhibit bigger size, while
the size of the particles remains the same during nitrogen bubbling into water which
is same as that grown in pure water. TEM images of the ZnO NPs grown in both
oxygen and nitrogen atmosphere are shown in Fig. 11a. Figure 11b and c clearly
shows that the NPs prepared in nitrogen atmosphere, keeping the other parameters
of the experiment fixed have same size as those prepared in neutral water. But the
oxygen bubbling during the ablation process results in increased amount of dissolved
oxygen and promotes the growth of ZnO. This results in bigger ZnO NPs, whereas
nitrogen bubbling in the solution during the LP-PLA process does not create any
additional oxygen other than that produced by the laser interaction with the ZnO
target. As a result, it is observed that the size of the particles remains the same as
those obtained by LP-PLA in pure water.
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Fig. 10 a TEM image of ZnO NPs; b histogram representing size distribution; c SAED patterns
matching hexagonal ZnO NPs prepared by LP-PLA technique with a fluence of 25 mJ/pulse in
water. d HRTEM image for a single ZnO nanoparticle showing (002) crystalline plane and inset
shows the stacking in hexagonal close-packed mode [66]

Fig. 11 TEM image of zinc oxide NPs grown by LP-PLA in water a oxygen atmosphere; b with
nitrogen atmosphere and c without any gases [83]
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Fig. 12 a PL emission spectra of ZnO NPs grown without (curve I) and with (curve II) oxygen
atmosphere at an excitation wavelength of 345 nm. c The photograph of synthesized transparent
ZnO NPs and d its yellow PL emission under UV excitation. b The bluish-violet PL from the NPs
grown in oxygen atmosphere [66]

Photoluminescence (PL) spectra were recorded using Jobin Yvon Fluoromax-3
spectrometer equipped with xenon lamp (150 W). PL measurement of NPs dis-
persed in neutral media was performed at an excitation wavelength of 345 nm. It was
observed that the ZnO NPs dispersed in water show deep yellow luminescence as
shown in Fig. 12. Figure 12c clearly pictures the photograph of ZnO NPs dispersed
in water, which is highly transparent and its yellow emission under UV excitation
(Fig. 12d). The origin of this yellow luminescence can be associated with the native
oxygen defects [66] of the as-prepared ZnO NPs.

Oxygen bubbling experiment into the water during laser ablation of ZnO target
was carried out to further confirm the origin of yellow luminescence due to oxygen
vacancy. Bubbling of oxygen into water during laser ablation is found to suppress
the yellow emission, resulting in PL emissions at 408 nm and 427 nm in the violet-
blue region as shown in Fig. 12a (curve II). Photographic image displaying the deep
bluish-violet emission is shown in Fig. 12b. The defect density was considerably
reduced tending to more stoichiometric ZnO NPs due to the bubbling of oxygen into
water during ablation, whereas the ZnO NPs grown under nitrogen atmosphere has
similar size and PL emission characteristic as of those grown in neutral water without
any gas bubbling. According to Lin et al. [85], the energy interval from valence band
to zinc interstitials is found to be 2.9 eV. The PL emission at 427 nm for the ZnO
NPs is very well consistent with these results. The weak Raman peak of the solvent
corresponding to OH vibration was not detected in the PL spectra mainly because
the PL emission intensity was very intense.
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The ZnO NPs grown by LP-PLA method do not exhibit any green emission.
However, the origin of green emission is still debatable. Nevertheless, there is strong
evidence that it is presumably located at the surface [86]. And the absence of green
PL emission proposes the desirable presence of Zn(OH)2 on the surface of ZnO NPs
grown through LP-PLA technique [87].

The growth mechanism of ZnO NPs by LP-PLA can be modeled as follows. The
plasma on interaction of the laser beam with the ZnO target consisting of ionic and
neutral species of Zn and oxygen [88] along with water vapor produced at the solid–
liquid interface. High temperature (104–105 K) and pressure of few GPa [34] in the
volume are produced due to the high intensity of the laser beam in the nanosecond
scales. The adiabatic expansion of high-temperature plasma leads to the formation of
ZnO which further interacts with the solvent water creating a thin layer of Zn(OH)2
as ZnO is highly sensitive to H2O environment [89]. As a result, a thin passivation
layer of Zn(OH)2 will be formed in ZnO NPs grown by LP-PLA in water. And the
increase in the amount of dissolved oxygen due to oxygen bubbling into the water
during the ablation process is found to promote the growth of ZnO NPs. This leads
to the formation of bigger sized ZnO NPs. However, nitrogen bubbling into water
does not make any extra oxygen other than that in the plasma produced by the laser
interaction with the ZnO target. Hence, the particle size remains the same as those
observed by LP-PLA in pure water.

Figure 13a shows the high-resolution transmission electron microscopic
(HRTEM) image of the ZnO samples grown in acid media (pH ~ 5). The parti-
cles that have an elliptical shape with 15 nm size in the elongated region and 11 nm
in the compressed region are observed from the HRTEM image. The SAED pattern
(Fig. 13b) of the ZnO NPs prepared in acid media keeping all other experimental

Fig. 13 a HRTEM image and b SAED pattern of ZnO NPs synthesized in acid media by LP-PLA
method [83]
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Fig. 14 a HRTEM image and b SAED pattern of ZnO NPs synthesized in basic media by LP-PLA
method

parameters the same shows a ring pattern corresponding to the (002) plane of the
wurtzite ZnO.

HRTEM and the SAED pattern of ZnO NPs prepared by pulsed laser ablation
in basic media (pH ~ 9) are shown in Fig. 14a and b. Spherical particles having
a size of about 4 nm were observed in the HRTEM image (Fig. 14a). SAED ring
pattern indicates the (002) plane corresponding to thewurtzite ZnO.Altogether, these
characterization results confirmed the formation of crystalline ZnO NPs by pulsed
laser ablation in liquids.

The size of the ZnONPs grown by LP-PLA in the acidic medium (pH= 5) shows
relatively bigger than that synthesized in pure water under identical experimental
conditions. Due to the higher dissolution rate of hydroxide in acidic medium, the
formation of thin passivation layer of Zn(OH)2 on the surface of the ZnONPs during
the cooling of laser plasma interacting with the liquid medium may be slower, thus
favoring the formation of larger sized ZnO NPs. Whereas, the size of the ZnO NPs
grownby ablation in alkalimedium is smaller because the growth ofZn(OH)2 is being
favored by providing hydroxyl groups in the alkali medium. Thus, in conclusion,
the thermodynamic conditions formed by the laser ablation plume in the liquid are
localized to a nanometer regime which is not affected by the pH of the medium.
Bigger sized NPs are formed with the increase in the energy of the laser beam due
to ablation of large quantity of the material. The formation of hydroxide passivation
layer is greatly determined by the pH of the solution which further alters the growth
and size of the particles. As observed in the case of ablation of zinc metal targets in
aqueous solution, no agglomeration of the particles was observed with the particles
grown in neutral, acidic and alkaline media. Rather these particles were found to be
well dispersed [90]. However, in the present study oxygen bubbling into water leads
to the formation of bigger sized particles and agglomeration. As a result, the studies
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suggest that the surface charge of ZnO NPs is mainly due to oxygen deficiency and
less pronounced effect from pH of the medium.

4 Ceramic Nanoparticles by LP-PLA Technique

Optical imaging [91] is a powerful technique for imaging tissues or intracellular
structures than magnetic resonance imaging [92] and radioactive molecular imaging
(MRI) [93] because of its advantages such as low cost, high sensitivity and easy
manipulation. The commonly used probes in optical imaging are fluorescent organic
molecules and the other fluorescent nanoparticles. Traditional fluorescent dyes have
limitations such as low fluorescence intensity and low photostability for using it as
labeling agents [94].

There has been research interest in various luminescent semiconducting nanopar-
ticles of CdSe, CdS, ZnS, InP, InAs, etc. as biological probes in diagnostic or tar-
geted therapeutic applications. But many of these quantum dots are not suitable for
medical application because of the presence of toxic materials such as cadmium
or selenium, poor solubility and disposal issues. In this context, research has pro-
gressed to synthesize more suitable materials for medical and various biological
applications. Researcher’s main challenge is to develop a nanometer sized, highly
biocompatible and biodegradable luminescentmaterial for in-vivo imaging of human
cells. Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is a typical green natural material
because calcium phosphate is the inorganic mineral in bone and teeth. Lanthanide
ions such as europium and terbium have interesting luminescence properties and
which can be utilized for biological applications [95]. These rare-earth-doped mate-
rials exhibit narrow emission bands, and the emission color depends only on the
dopant and doping concentration of lanthanide ions and not on the particle size. As
pure hydroxyapatite is not able to exhibit substantial photoluminescence emissions,
there is an ongoing research interest in the development of fluorescent lanthanide-
doped hydroxyapatite which will demonstrate as promising materials for biomedical
applications such as detection of tumor cells and as drug delivery vehicle to target
tumor tissues or cells [96].

Nanoparticles of europium-doped HAp can be easily synthesized by the LP-
PLA technique, and these nanoparticles emit light under UV and visible excitations.
Fluorescent nanoparticles with visible excitation are ideal candidates for imaging
of living cells. Pulsed laser ablation of a europium-doped HAp target immersed in
15 ml of water results in fluorescent HAp nanoparticles. Third harmonic of Nd-YAG
laser (355 nm) with a repetition rate of 10 Hz is used for the LP-PLA experiment.
Laser beam is focused on the target by using lens with a focal length of 20 cm. The
target position was fixed at a position just before the focal point of the lens in order to
avoid the pitting of target surface. The dependence of various processing parameters
such as laser fluence, duration of ablation and the europium concentration on the
properties of nanoparticles can be studied.
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HRTEM image of the Eu-doped HAp sample shown in Fig. 15 confirms the
formation of spherically shaped nanoparticles, and the average size of the nanopar-
ticles is about 13 nm. The crystalline nature of the Eu-doped HAp nanoparticles is
observed from the selected area electron diffraction (SAED) pattern, and the ring
pattern corresponds to various planes of monoclinic structure of hydroxyapatite.

The dependence of laser fluence on the luminescence emission is studied by
varying laser fluence from 1.9 to 5.7 J/cm2. The variation of luminescence intensity
with laser fluence is shown in Fig. 16. Eu-doped HAp nanoparticles exhibit PL
emissions at 531, 572, 601 and 627 nm with an excitation wavelength of 325 nm.
These emissions are originated from electronic transitions within the f-subshell and
are assigned to 5Dj–7Fj transitions that are parity forbidden [97] by the Laporte
selection rule. The emission line at 531, 572, 601 and 627 nm corresponds to 5D1–
7F0, 5D0–7F0, 5D0–7F1 and 5D0–7F2 transition, respectively. This PL emission from
the nanoparticles confirms the inclusion of europium in the HAp host lattice. These
luminescence transition levels are due to the spin–orbit coupling of six electrons in
the f-subshell, and the transitions are assigned to the mixing of odd terms due to the
crystal field [98]. Unlike other Eu3+ phosphors, the PL peak corresponds to 5D0–7F0
transition centered at 572 nm which is found to be stronger than that of 5D0–7F1,2
transitions. It is also found that luminescence intensity increases with laser fluence
(inset of Fig. 16) and is attributed to the increase in the production of nanoparticles.

The dependence of duration of ablation on the intensity of emission is also studied,
and it is shown in Fig. 17. Here, the luminescent intensity decreases with duration of
ablation, and it is shown in the inset of the figure. The nanoparticles formed during
the LP-PLA process may absorb the incident photon energy leading to secondary
processes such as heating/melting and welding/sintering and result in larger particles
for longer duration of ablation [99]. The decrease in luminescence intensity with the
increase in laser ablation time from 1 to 4 h is due to the increase in the particle size

Fig. 15 HRTEM image (left) and SAEDpattern (right) of Eu:HAp nanoparticles grown byLP-PLA
technique
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Fig. 16 PL emission spectra of Eu-doped HAp nanoparticles grown at different laser fluences.
Inset shows the variation of PL intensity with laser fluence

Fig. 17 PL spectra of Eu-doped HAp nanoparticles grown for different duration of ablation. Inset
shows variation of PL intensity with duration of ablation

of the nanoparticles from 15 to 60 nm and which can be confirmed from the TEM
images shown in Fig. 18.

Luminescent HAp nanoparticles with visible light excitation have applications in
imaging of living cells for studying the change in situ at real time. Figure 19 (right)
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Fig. 18 TEM images of Eu-doped HAp nanoparticles grown at different duration of ablation. a 2 h
and b 4 h

Fig. 19 Luminescence
excitation (left) and emission
(right) spectra under visible
excitation of Eu-doped HAp
nanoparticles

shows the PL spectra of Eu-doped HAp nanoparticles under visible excitation of
459 nm. It shows PL emissions at 572 nm, 601 nm and 627 nm and corresponds to
the 5D0–7Fj (where j = 0, 1, 2) transitions of Eu3+ ion, respectively. A luminescence
excitation spectrum monitored at emission wavelength 572 nm is shown in Fig. 19
(left). Excitation spectra showing a maximum at 459 nm correspond to the direct
excitation of Eu3+ from the ground state to the higher level in the 4f6 configuration
and can be assigned to 7F0–5D2 transition.
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5 Conclusions

Liquid phase-pulsed laser ablation (LP-PLA) is an excellent technique to synthesis
nanoparticles of metals, semiconductors and ceramics without the addition of any
surfactants. The properties of the particle can be modulated very easily by changing
the parameters such as time of ablation, laser fluence, and pH of the medium. In
summary, nanosized, chemically pure, gold (Au), silver (Ag), zinc oxide (ZnO) and
europium (Eu3+)-doped Hydroxyapatite (HAp) nanoparticles were prepared through
LP-PLA technique by varying the process parameters. The dependence of the work
function on the ablation rate was explained using the example of LP-PLA of gold and
silver nanoparticles. The ablation ratewas found to increasewith the decrease inwork
function. The size of the nanoparticles was found to increase with the increase of
laser ablation fluence. The structural and luminescence properties of biocompatible
ZnO and Eu3+-dopedHAp nanoparticles were studied in detail. These surfactant-free
luminescent nanoparticles synthesized in water are ideal candidates for imaging of
tumor cells and living cells and also for targeted drug delivery.
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