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Ultrafine particles of many materials have received much attention over the last few years by
researchers because of their unique physical and mechanical properties due to increased

surface area to volume ratio. A novel laser-liquid interaction technigque has been developed
to synthesize silver nanoparticles from inexpensive silver nitrate solution in distilled water.
The shape, size distribution, microchemistry and crystal structure of the silver nanoparticles
were studied using X-ray diffraction, scanning electron microscopy and electron probe X-ray

microanalysis. © 7998 Kluwer Academic Publishers

1. Introduction

Sub-micrometre ( < 100 nm < diameter < 1 pm) and
nanoscale (1 nm < diameter < 100 nm) particles are
receiving much attention in both basic science and
advanced technological research. There has been
a growth in the production of clusters and nano-
crystalline materials for potential catalytic, sensor,
aerosol, filter, biomedical, magnetic, dielectric, opto-
electronic, structural, ceramic and metallurgical ap-
plications. In this nanoscale regime, particles exhibit
volume and surface effects that are absent in the same
material with dimensions in the micrometre range
[1-5]. Nanoscale particles have unique physical prop-
erties (e.g. optical, dielectric, magnetic, mechanical),
transport properties (e.g. thermal, atomic diffusion),
and improved processing characteristics (e.g. faster
sintering: kinetics, super-plastic forming). For some
applications, a narrow size distribution is required to
obtain a uniform materials response.

Materials such as paints, pigments, electronic inks,
and ferrofluid, as well as advanced functional and
structural ceramics, require that the particles be uni-
form in size and stable against agglomeration. Fine
particles, particularly nanoscale particles with signifi-
cant surface area, often agglomerate to minimize the
total surface or interfacial energy of the system. Al-
though solution chemistry can be a practical route for
the synthesis of both sub-micrometre and nanoscale
particles of many materials, issues such as the control
of size distribution of particles, morphology and cry-
stallinity, particles agglomeration during and after
synthesis and separation of these particles from the
reactants, need further investigation.

The usual synthesis techniques for producing
nanoparticles include mechanical milling of solid
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phases, solution chemistry and vapour-phase syn-
thesis. Nanostructured particles have also been
synthesized by chemical techniques such as chemical
precipitation [6], and sol-gel processing [7]. Vapour
deposition of particles has been achieved by gas evap-
oration [9], laser ablation [10] and sputtering [11].
The advantages and disadvantages of these processes
are surnmarized in Table I. The method of production
of nano-particles in each of these processes is de-
scribed below.

1.1. High-energy milling process

In this method, micrometre-sized crystallites are re-
peatedly deformed and eventually disintegrate com-
pletely into nanosized grains. The production of
a wide variety of nanostructured materials using
mechanical energy has been termed mechano-syn-
thesis. It is essentially a dry, high-energy ball-milling
process performed close to room temperature, without
supplying any external heat. This process does not
generally involve chemical change. The mechano-syn-
thesis of nanophase materials is effected by the direct
synthesis of compounds from elemental powders or by
various exchange, transfer, and mixing reactions ini-
tially involving compounds. Among the many differ-
ent types of nanophase materials synthesized by this
process are stable, meta-stable, mixed and novel car-
bides with crystal sizes between 10 and 20 nm. For
example nanostructured carbide of titanium, zirco-
nium, hafnium, vanadium, niobium, etc.; silicides of
iron, cobalt, nickel, chromium, etc.; aluminides of iron,
titanium, nickel, etc. have been made by this process
[12-20].
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TABLE I Advantages and disadvantages of the methods for making nanocrystalline particles

Method Advantages

Disadvantages

Mechanical milling
Thermal

High production rates

Simple system

Contamination, limited multi-components

Non-reactive, limited multi-component, materials produced,

moderate production rates

Electron beam Limited reaction

Low production rates, limited multi-component materials produced,

vacuum unit required

Laser ablation Reactive, quenching complex, multi-

component materials, produced

High production rates, reactive, multi-
component materials produced

Gas phase precursor

High production rates, reactive, multi-
component materials produced

Flame pyrolysis

Laser pyrolysis High production rates, reactive, multi-

component materials produced

Low production rates, vacuum unit required

Complex system (control of reaction and particle size in series
difficult), precursor choice, no quenching, vacuum unit required
Complex system (control of reaction and particle size in series
difficult), precursor choice, no quenching,vacuum unit required

Low production rates, complex system (control of reaction and
particle size in series difficult), precursor choice, no quenching,

vacuum unit required

Colloidal High production rates, reactive, multi-

component materials produced

Solvent extraction (contamination)

1.2. Solution chemistry

Solution chemistry provides a cost-effective method
for the production of large quantity of nanoparticles.
A unique feature offered by solution chemistry is the
ability to manipulate matter at the molecular level. As
a result, better chemical homogeneity of materials can
be achieved. When the relationship between the mo-
lecular level of assembly of matter and its macroscopic
properties is understood, synthetic chemistry can be
tailored to prepare target materials. There is an in-
creasing interest in multi-disciplinary approaches in
metal synthesis and processing, integrating solution
chemistry and bimolecular science [6,7].

The stabilization of fine particles requires the
formation of repulsive inter-particle forces. The choice
of surfactant always depends on the type of materials
to be synthesized or dispersed. To synthesize stabil-
ized, uniformly fine particles, colloidal chemistry offers
a possible route. For instance, ferrofluids of amorph-
ous iron nanoscale particles [21] and ceramic hydrox-
ides [22] have been prepared. Colloidal stability can
be achieved by either synthesizing the particles in the
presence of surfactant, or by dispersing as-synthesized
particles in surfactant [21-23]. A surfactant is a sur-
face-active agent that has an amphipatic structure in
a solvent under its conditions of use (i.e. a lyophobolic
solvent attractive).

1.3. Cheimical vapour phase condensation
methods

In these methods, atoms, which are formed by evapor-
ation, agglomerate and condense into clusters in
a low-pressure inert-gas atmosphere. The clusters are
transported by convection to a liquid nitrogen-cooled
cold finger, where they are collected for further pro-
cessing.

Spray pyrolysis is also a processing route to form
nanoparticles. Spray pyrolysis is an aerosol process
wherein a metal salt solution is atomized into droplets
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and sent through a hot-wall reactor. Inside the reactor
the solvent evaporates and the metal salt decomposes
to form the product particles. The powder character-
istics and production rate depends upon many factors
including droplet size, residence time, precursor solu-
tion concentration, reaction atmosphere and temper-
ature. This technique has been utilized to produce
solid spherical, nanosized metals (e.g. silver, molyb-
denum etc.), oxides (V,05, PdO, YBa,Cu;0- _,, etc.),
nitride (SizNy), carbonitrides [ Si{C,N)], ceramic/metal
composites (WC—-Co, Al,O;, Fe/Cr) [20-30]. For
example, nanosized silver metal particles were produc-
ed from AgNOj; (silver nitrate) solution with an ultra-
sonic generator at and above 600°C using nitrogen
carrier gas, and at and above 900 °C using air as the
carrier gas. A common problem cited in the spray
pyrolysis is the formation of porous particles after
solvent evaporation and reaction, and this was re-
duced by using an aqueous-ethanol precursor solution
{31]. Formation of nanoparticles of Ag,O and
AgNO; was also reported. As the precursor solution
concentration was increased from 0.5 M to 0.4 M, the
particle size also increased from 1.03 um to 1.68 um
for the ultrasonic generator.

Nanocrystalline metals made by the vapour phase
condensation method are very reactive and have also
been used for ceramic compounds which were re-
ported to be formed by introducing reactive gases into
the synthesis chamber. The reactants (precursor chem-
icals) can be in several forms: vapour, aerosol, gel,
crystalline powder, amorphous powder, liquid solu-
tion, colloidal solution, and so forth. The reactants are
heated by an energy source, such as laser, flame, fur-
nace, etc. The laser is found to be a more versatile tool
for the synthesis of materials as compared to other
heat-energy sources.

The capability of lasers as a tool for materials
processing has already been demonstrated [32—42].
Laser chemical vapour deposition (LCVD) and laser
physical vapour deposition (LPVD) techniques can
produce thin (tens of nanometres to hundreds of



micrometres) layers of metals, semiconductors and
ceramics with precise spatial control [36-38]. Metals
and ceramics can be co-deposited using this technique
to produce composites. Use of lasers as the energy
source has been found to be more efficient (up to
10,000 times faster deposition rate) than conventional
Chemical Vapor Deposition (CVD) technique. The
LCVD process can be classified into three categories:
(i) pyrolysis, (ii) evaporation and (iii) photolysis, de-
pending upon the reaction mechanism. Details of
these processes are summarized below.

1.3.1. Pyrolytic LCVD

In the production of nano-crystalline materials by
pyrolytic LCVD, the laser beam impinges upon the
substrate, and results in heating of the area exposed.
The heating is a result of a number of processes such
as energy transfer from high-energy electrons, non-
radioactive recombination and vibrational lattice ex-
citation. Thermal decomposition of the reactant gases
takes place in the vicinity of this localized region. The
laser wavelength is chosen so that it is absorbed by the
substrate and not by the reactant gases.

When a pulse laser heats a surface the material
remains at a high temperature for a very short dura-
tion (for e.g., 7 nsec pulses at A = 1.06 pm leaves a Si
surface molten for — 40 nsec [39]). Since the gas-
surface impingement is negligible in this short time
period, deposition over large areas cannot be carried
out using pulse laser. Also, in the case of pulse laser,
high repetition rates (MHz) are required since the
fractional duty cycle is quite small. Therefore a laser
operating in continuous wave mode is necessary. The
requirements of CW laser are the light absorption at
the wave length used and the laser power must be
adequate to heat the illumination area to a temper-
ature sufficient to induce thermal decomposition. In
pyrolytic LCVD, thermal decomposition is usually the
dominant mechanism. In addition, the photons pres-
ent in a wide range of energies can also induce gas-
phase dissociation of reactants via multiple photon
processes. The laser requirements for pyrolytic de-
composition are easily met with a number of commer-
cially available lasers (e.g., CO, or Ar-ion lasers).

1.3.2. Evaporative LPVD Process
In the evaporative LPVD process, a laser beam is
directed onto a solid target and the high flux of photo-
ns removes atoms from the target as in conventional
evaporation or ion-sputter deposition. The atoms are
subsequently transported towards the substrate kept
close to the target. It has been established that the
ejected atoms leave the surface with a distribution
more forward-peak energy (i.e., thermal) than the typi-
cal cosine-squared distribution found in conventional
evaporation [ 34, 35]. The forward peaked distribution
may detrimentally affect film uniformity and step
coverage.

Since, lasers are available in a broad spectrum of
wavelengths, pulse energies and pulse widths, it is
envisioned that with the choice of appropriate laser,

the LPVD technique can be used to deposit thin films
of almost any material. The versatility of this tech-
nique is reflected by the fact that almost 128 different
materials have been deposited in thin film form by
LPVD technique [36]. The unique features of this
process are lower deposition temperature, lower im-
purity contents, and equiaxed grain structure. LPVD
offers many advantages over conventional physical
vapor deposition techniques. The LPVD technique
can produce energetic (10 to 100 eV) ionized and ex-
cited vapor species which can enhance the surface
mobility and re-crystallization process and thus lower
the growth temperature. Undesirable impurities, such
as oxygen, can be minimized during the decomposi-
tion process by maintaining an inert atmosphere or
high vacuum inside the processing chamber. In addi-
tion, the substrate will be at a low temperature
(<400°C) and the heating of the target occurs in
a spatially selective region inside the vacuum cham-
ber. This process is fully compatible with the high-
vacuum system since the laser beam is generated out-
side the vacuum system. LPVD provides instan-
taneous control of the ablation process and the film
thickness from near atomic to micro dimensions by
choosing appropriate laser parameters.

1.3.3. Laser photolytic CVD process
(gas media)

Production of nanocrystalline materials by this pro-
cess occurs when a laser beam is absorbed by gaseous
species in a single or multi-photon process. The ab-
sorption leaves the donor molecule in an excited state
which, if above the dissociation limit, can cause the
molecule to fragment. Products of this photo-dissocia-
tion, then, either react chemically with other species
present or condense on a nearby surface. This type of
LCVD can be used to deposit both fine lines or uni-
form thin films over large areas ( > 10 cm?). The laser
processing parameters are beam energy, wavelength,
and mode of laser operation (pulse or continuous
wave), and whether or not the laser light impinges on
the substrate.

Chemical vapour deposition can be enhanced by
the addition of photons to photo-dissociate reactant
molecules [37]. Laser photons have a wide energy
distribution in the range 0.1-7.0 eV and above 7 eV in
the ultraviolet. Because these photon energies are in
excess of the bonding energies of many molecules,
reactant molecules undergo decomposition by ab-
sorbing photons. Selective output products by the
dissociation of the reactant molecules can be achieved
due to the narrow energy spectrum of the photons in
contrast to dissociation by electron impact. In
addition, the output of a laser can be manipulated
both temporally and spatially, providing additional
flexibility to the photo-deposition process. Owing
to these unique advantages of using lasers, the laser
CVD provides a new method for the synthesis of
materials.

Because photolytic LCVD relies on the photo-dis-
sociation of gas-phase donor molecules, a different
set of laser properties is required. The most critical
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parameter is the wavelength of the light used. The
laser can be operated in pulsed or continuous wave
mode. The reactant molecules are raised to unstable
excited states, due to absorption of photons. The mol-
ecules release excess energy by splitting into frag-
ments. This process is termed photofragmentation.
A photon density sufficient to pump large numbers of
molecules into the excited states is required to achieve
high deposition rates over a large area. This sub-
sequently results in dissociation of molecules at high
energy and nanoscale particle formation.

The laser photolytic process is a non-equilibrium
thermodynamic process. Interaction of a reactant gas
stream with the pulsed high-power infrared CO, laser
creates a rapid heating/cooling rate (10°°Cs ') in the
reaction zone for the production of nanoscale par-
ticles. A variety of nanoscale particles has been
produced using this technique and includes Si, SiC,
SiN [39-41], ZrB, [43], TiO, [44, 45], u-Fe [46], Cr,
Mo, W [47], etc. Ultrafine ( < 10 nm) elemental pow-
ders were produced by laser-induced breakdown of
metal carbonyl vapours [48]. Size and synthesis reac-
tion rate depend upon the reaction parameters used
to synthesize nanoparticles such as laser intensity,
wavelength, beam diameter, nozzle diameter, chamber
pressure, and gas flow rate (C,H,, CH,, etc.).

In the pyrolytic LCVD process, the substrate is
heated with a laser beam and a chemical reaction
takes place at the gas—solid interface near the hot spot
where the film is deposited. Chemical reaction or
decomposition takes place in the gaseous environ-
ment. Therefore, the synthesis rate of nanoparticles is
very low and a vacuum unit is required. Besides gas,
a liquid medium can also be used for the synthesis of
materials. Very little or no research has been directed
to the laser-assisted synthesis of nanoscale materials
using liquid media.

2. Experimental procedure

A schematic diagram of the experimental setup used in
the production of nanoscale particles by laser
beam-liquid interaction is shown in Fig. 1. The solu-
tion used consisted of AgNO; (silver nitrate) dissolved
in distilled water which was taken in the reaction
chamber. A rotating stainless steel substrate was im-
mersed in the silver nitrate solution and was irradiated
by the laser beam. The laser processing parameters
used in the present investigation are given below:

type and mode of laser: CW CO, laser;

laser beam power: 275, 300, 400 W;

laser-beam focus condition, at focused and de-
focused conditions (beam diverged through the sub-
strate);

laser beam diameter: 3mm;

interaction time: 3 and 7 min.

Continuous rotation of the substrate during
laser-liquid interaction distributes the powder par-
ticles formed in the solution and prevents agglomer-
ation due to further interaction with the laser beam.
Synthesized nanoparticles were separated by a centri-
fugal separator at 2000r.p.m. Synthesized nanopar-
ticles were characterized by various techniques.
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Figure 1 Schematic representation of the novel laser- liquid-solid
interaction technique.

X-ray diffraction analysis of the nano-particles was
carried out using CuK radiation with a single crystal
monochromator. Characteristic Bragg diffraction
angles in the X-ray diffraction profile obtained from
the silver powder sample were compared with the
silver-standard diffraction profile.

The size, shape and distribution of the nanoparticles
produced were examined using the JOEL JSM-6300F
high-resolution scanning electron microscope (SEM)
equipped with the field emission gun. The micro-
chemistry of the nanoparticles was determined using
a Cameca SX-50 electron microprobe equipped with
energy dispersive spectrometer. The wavelengths and
energies of the X-ray characteristics of the elements in
the powder sample were measured and the elements
present were identified.

3. Results and discussion

Fig. 2 shows a scanning electron micrograph of the
nano-crystalline silver particles synthesized from sil-
ver nitrate solution using a focussed CW CQO, laser-
beam at a power of 275 W and an exposure time of
3min. The average size of nanoparticles was about
20nm. The corresponding X-ray diffraction pattern
obtained from the powder is displayed in Fig. 3 indic-
ating that silver nanoparticles are crystalline in nature.
Fig. 3 also shows an X-ray diffraction pattern taken
from the anhydrous silver nitrate crystals (starting
material). The same silver-powder samples were fur-
ther examined in the electron microprobe. The X-ray
microchemical data obtained from the nanoparticles
using the electron microprobe are shown in Fig. 4. The
characteristic peaks from the clemental silver have
been identified. The absence of characteristics peaks
from nitrogen and oxygen indicates that the powder
particles produced are free from oxygen (i.e. oxide



Figure 2 Scanning electron micrograph showing nanocrystalline
silver particles synthesized from silver nitrate solution by the
laser-liquid interaction.

formation) and nitrogen. Thus, high-quality silver
nano particles were formed by this novel laser-liquid
interaction technique.

Fig. 5 shows a scanning electron micrograph of the
nanocrystalline silver particles produced from the sil-
ver nitrate solution using a focussed CW CO, laser-
beam at a power of 300 W and an exposure time of
3min. Relatively large nanospherical particles were
synthesized in the size range from 100-1000nm. In
addition, agglomerated nanoparticles have also been
found under these conditions.

Fig. 6 shows a scanning electron micrograph of the
silver particles produced at a beam—powder of 300 W
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Figure 3 X-ray diffraction analysis showing pure silver particles
recovered from silver nitrate solution.

and a longer exposure time of 7min. The major por-
tion of the nanoparticles produced is an agglomerated
mass along with some spherical particles of size
100-1000 nm. This can be explained by the fact that
a higher exposure time resulted in the interaction of
the laser beam with the nanoparticles, which caused
agglomeration.

Fig. 7 shows a scanning electron micrograph of the
nanocrystalline silver particles formed by this tech-
nique using the CO, laser beam at a power of 400 W,
a defocused beam diameter of 3 mm and an exposure
time of 3min. Recirculation of the solution has been
used to produce these powder particles.

Silver powder
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Figure 4 Energy dispersive X-ray microchemical data obtained from the silver particles in the electron microprobe.
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Figure 5 Scanning electron micrographs showing nanocrystalline
silver particles formed from silver nitrate solution by laser-liquid
interaction (focused CW COQ; laser beam with power 300 W, expo-
sure time 3 min).

Figure 6 Scanning electron micrograph showing nanocrystalline
silver particles formed from silver nitrate solution by laser-liquid
interaction (focused CW CO; laser beam with power 300 W, expo-
sure time 7 min)

Figure 7 Scanning electron micrograph showing nanocrystalline
silver particles formed from silver nitrate solution by laser-liquid
interaction (defocused CW CO; laser beam with power 400W,
exposure time 3 min}).

It can be seen from the microstructure that, due to
re-exposure of the reaction solution to the laser beam,
subsequent nucleation and growth of new spherical
particles on the particles already formed has taken
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place. This results in the production of powder par-
ticle clusters in the size range 100-1000nm which
consist of several layers of spherical particles. The
formation of such particles can be explained as fol-
lows. A spherical particle that was formed already by
the nucleation and growth, acts as a site for nucleation
for several new spherical particles which are consider-
ably smaller in size and of the order of 10nm. The
shape of these special type particles differs from
that of the agglomerated particles produced by this
technique.

By this novel laser-liquid interaction technique,
high-quality nanocrystalline particles were syn-
thesized in the size range 20-100nm at a rate of
3-6gmin”'. The size, shape, synthesis rate and micro-
structure of silver nanoparticles were found to be
dependent upon the laser processing conditions and
interaction time. A similar finding was reported by
Singh and Vellaikal [49] in the synthesis of nanocrys-
talline diamond from liquid benzene.

The nucleation and growth mechanism in the
formation of micrometre and submicrometre sized
metal particles by the solution chemistry technique,
has been reported [50]. In this laser-liquid interaction
technique, the silver metal atoms are generated in the
liquid phase, and once the supersaturation is high
enough, nucleation and growth of silver nanoparticles
occur. The nanoparticles produced by the laser-liquid
interaction technique are highly spherical and are
homogeneous in size. The final size of the metal par-
ticles obtained is formed from the nuclei which have
been nucleated at the same time and have grown
simultaneously. These particles are then homogeneous
in size. Under these conditions, the nucleation is ho-
mogeneous and the nuclei appear spontaneously.

4. Conclusions
Successful production of nano-scale silver parti-
cles from the silver nitrate solution by the laser
beam-liquid interaction method has been reported
in this paper. The size of nanoparticles varied from
10-1000 nm, depending upon the laser processing con-
ditions, including laser beam power, beam diameter,
laser interaction time and the concentration of the
reaction solution. X-ray diffraction and electron
microprobe results from the nanoparticles indicated
that high—quality silver particles were produced.
The laser beam-liquid interaction technique for the
production of ultrafine particles has several unique
advantages over other methods described in this
paper. Highly spherical particles of many metals in the
nanoscale regime can be produced by the careful op-
timization of these process parameters.
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