Optics and Photonics Journal, 2012, 2, 73-84

o5 Scientific
http://dx.doi.org/10.4236/0pj.2012.22011 Published Online June 2012 (http://www.SciRP.org/journal/opj)

#3% Research

Effect of Experimental Parameterson the Fabrication
of Gold Nanoparticlesvia Laser Ablation

Hisham Imam?, K haled Elsayed?, Mohamed A. Ahmed? Rania Ramdan?
'National Institute of Laser Enhanced Sciences, Cairo University, Giza, Egypt
Materials Science Laboratory (1), Physics Department, Faculty of Science, Cairo University, Giza, Egypt
Email: hishamimam@hniles.edu.eg

Received April 9, 2012; revised May 12, 2012; accepted May 22, 2012

ABSTRACT

In this study we report the effect of laser parameters such as laser energy, laser wavelength as well as focusing condi-
tion of laser beam on the size and morphology of the gold nanoparticles (GNPs) prepared in deionised water by pulsed
laser ablation. The optimum conditions at which gold nanoparticles obtained with controllable average size have been
reported as these parameters affected the size, distribution and absorbance spectrum. Effect of energy was studied. The
laser energy was divided into three regions (low, middle and high). A noteworthy change was observed at each region,
as the average size changed from 5.9 nm at low energy to 14.4 nm at high energy and the gold nanoparticles reached a
critical size of 8 nm at 100 mJ. The Effect of the wavelength on the particle size was examined at 1064 nm, 532 nm. It
was found that, the optimum ablation laser wavelength was 1064 nm. Finally, significant results obtained when the ef-

fect of focusing conditions studied.
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1. Introduction

In the last few years and due to unique physicochemical
characteristics of gold nanoparticles and their wide us-
ages in different fields, the number of publications on the
preparation and characterization of gold nanoparticles
has extensively increased [1,2]. For example, the recently
recognized behavior of gold to act as a soft Lewis acid
and large surface-to-volume ratio of nanogold as well as
its inert property have widely enhanced the application of
gold nanoparticles as a catalyst in the field of organic
synthesis [1]. The ability of gold to produce heat after
absorbing light provides a medicinal usage named as
photothermal therapy [3]. All mentioned usages together
with application of nanogold in gene and drug delivery
increased studies on development of methods for gold
nanoparticles production [4,5]. Although preparation of
nanogold by physical procedures (such as laser ablation)
provides gold nanoparticles with narrow range of particle

size, it needs expensive equipments and has low yield [6].

Hazardous effects of organic solvents, reducing agents
and toxic reagents applied for synthesis of gold nanopar-
ticles on environment, encouraged researchers to deve-
lopeco-friendly methods for preparation of gold nanopar-
ticles [7,8].

Also due to their size-dependent physical and chemical
properties [9-11], gold nanoparticles have optical, elec-
trical, magnetic and mechanical properties which make
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them suitable for many applications such as drug and
gene delivery [12,13], the ability to generate table immo-
bilization of biomolecules [14] and in several targeting
application [15]. There are several methods for preparing
metal nanoparticles such as pulsed laser deposition [16],
flame metal combustion [17], chemical reduction [18],
photo-reduction [19], electrochemical reduction [20],
solvothermal [21], electrolysis [22], green method [23],
microwave induced [24], sonoelectrochemical [25], aero-
sol flow reactor [26], photochemical reduction [27], che-
mical fluid deposition [28], spray pyrolysis [29,30], and
spark discharge [31]. Among them, the pulsed laser abla-
tion in liquids PLAL has become an increasingly popular
top-down approach [32] for producing nanoparticles. It’s
a relatively new method that was first introduced by Fo-
jtik et al. in 1993 [33] as is a promising technique for the
controlled fabrication of nanomaterials via rapid reactive
quenching of ablated species at the interface between the
plasma and liquid with high-quality nanoparticles free
from chemical reagents. Therefore, PLAL process has
received much attention as a novel NPs production tech-
nique. The most advanced method for producing nanos-
tructured materials has been developed performing
pulsed laser ablation of gold plate in liquids [34-38].
Advantages of this method include the relative simplicity
of the procedure and the absence of chemical reagents in
the final preparation, but the size distributions of the
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GNPs prepared by this technique tend to be broadened
due to the agglomeration and ejection of large fragments
during laser ablation. To achieve the particlesize reduce-
tion, different surfactants can be used [39-41]. Another
important advantages gold nanoparticles prepared by
PLAL process were stable for a period of months. The
main aim of the present study is to prepare pure gold
nanoparticles in easy, fast and one step method via PLAL
process in deionised water at various laser fluencies and
wavelengths. The effect of the focusing conditions on the
formation and fabrication of metal nanoparticles has not
been approached by many researchers before. In this pa-
per we discuss the focusing conditions that play an im-
portant role in the formation of small and narrowly dis-
persed gold nanoparticles and elucidate the mechanisms
of the nanoparticles growth.

2. Experimental Setup

The formation of gold nanoparticles is fabricated via
pulsed laser ablation of the corresponding gold metal
plate (99.99%) of 3 mm thickness and its dimensions 1.5
x 1 cm? immersed into the liquid as shown in Figure 1.
The gold plate was thoroughly washed with ethanol and
deionised water to remove organic contamination and
placed at the bottom of a glass vessel filled with 50 ml of
an aqueous solution of deionized water. The gold metal
plate was kept at 15 mm below the liquid surface. Pulsed
Q-Switched laser Nd:YAG (Surelite II, Continuum) was
used. The laser beam was operated at fundamental
wavelength 1064 nm or second harmonic 532 nm and 10
Hz. The laser beam was focused by a plano-convex lens
with focal length of 5 cm. The energy of the laser pulse
was measured by power meter (OPHIR-NOVA). The
ablation process was typically done for 5 minutes at room
temperature. The laser beam was focused on the surface
of the target and it was scanned over by using X-Y stage
to avoid the craters on the surface of target. Morphology
and size distribution of nanoparticles were characterized
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Figure 1. Schematic diagram of experimental setup.
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by HTEM (JEOL 1200). The solution containing GNPs
was inserted in the bath of ultrasonicator for half of an
hour and a drop of solution containing gold nanoparticles
onto carbon coated copper grids and kept to completely
dry at room temperature. The diameter of more than 100
nanoparticles in sight on a given micro graph was di-
rectly measured and the distribution of the particle di-
ameters was obtained. The optical absorption spectrum
of the solution was measured with UV-Vis spectropho-
tometer (PG instrument Ltd., T80+).

3. Resultsand Discussion
3.1. Effect of Energy of Laser Beam

Laser energy was adjusted by inserting different glass
sheets in the path of the laser beam before it reached the
focus of the lens. In this section, the effect of laser flu-
ence was studied on the obtained gold nanoparticles,
their distribution and their optical spectrum. The energy
of laser ranged between (10 - 250 mJ), which can be di-
vided into three regions, low energy (10 mJ), middle re-
gion (20 - 100 mJ) and high energy (150 - 250 mJ). And
there are three different laser ablation mechanisms in
these three regions.

3.1.1. At Low Energy of Laser Beam (10 mJ)

Under the action of the laser at low energy the target is
heated, but due to the strong confinement of the liquid at
the surface, the vaporization rate is strongly restricted
and no plume forms. In the absence of a vapor plume, the
hot target is remained in contact with water promoting
the oxidation of the nanoparticle oxides [42]. The reac-
tion is initiated with the oxidation of the molten target
surface by oxygen splitting of water molecules at the hot
target so the hydroxide nanoparticles exist on the target
surface. The gold hydroxide material on the surface then
desorbs from the hot target surface and diffuses into the
water and it isn’t aggregated due to their negative charge
so the average size of produced gold nanoparticles is
small and they are produced by thermal vaporization as
shown in Figure 2.

The average size is 5.9 nm and as it’s shown the parti-
cles are small and have spherical shape and the yield is
small and this is due to the negative charge on gold nano-
particles which prevents them from aggregation and their
yield is small due to presence of water at the surface of
the target which restricts their growing as explained
above.

3.1.2. Intermediate Energy of Laser Beam

(Plume Mixing Zone) (20 - 100 mJ)
In this stage the plume develops more slowly and is li-
mited to a size much smaller than in a gas atmosphere
[43]. The large pressure in the confined vapor plume
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Figure 2. The TEM micrograph and histogram of gold na-
noparticles prepared in 10 mJ.

results in an expansion beyond the equilibrium point, the
internal plume pressure equals the hydrostatic pressure of
the liquid, increasing the difference between the pressure
inside and outside the plume decrease the expansion until
it is stopped, the hydrostatic pressure then collapse, the
plume back into the target. In this region, the nanoparti-
cles fall into two distinct size distributions those are at-
tributed to:

1) Target surface vaporization;

2) Explosive ejection of molten droplets directly from
the target. And this leads to abroad size distribution as
shown in Figures 3(a)-(e).

The surface vaporization was discussed above, the ex-
plosive ejection occurs when the temperature approaches
the thermodynamics critical temperature, thermal fluc-
tuation is amplified and the rate of homogenous bubble
nucleation rises dramatically and the target makes rapid
transition from superheated liquid to a mixture of vapor
and equilibrium liquid droplet. At this fluence, the mo-
mentum of a plume allows it to expand further out into
the liquid, increasing the plasma life time and this results
in an increase of screening of laser light from surface of
bulk Gold target [44,45].

The data in the histograms show that, the average size
of gold nanoparticles prepared in pure water at 20, 30, 40,
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50, 100 mJ are 14.3, 13.2, 12.9, 12.2 and 8.08 respec-
tively. As it is shown the average size decreases with the
increasing of laser energy and from TEM micrographs it
is found that, as laser energy increases, the particles be-
come homogenous and have spherical shape and also the
concentration increases until it reaches to their critical
size at 100 mJ, and then the particles appear as diffused
particles. The decrease in the average size of gold
nanoparticles can be attributed to large energy which
excited the gold nanoparticles in a solution, the photon
energy is readily converted to the internal modes of the
nanoparticles as during a single laser pulse, one gold
nanoparticle is considered to absorb consecutively more
than one thousand photon and it’s temperature rises sig-
nificantly so that the nanoparticle starts to fragment. Af-
ter the single laser pulse the diffused into the solution
and the temperature of nanoparticles return to room tem-
perature before the next one arrive. The heating and
cooling of nanoparticles occur in every laser pulse.

3.1.3. At High Energy of Laser Beam (Plasma
Etching) (150 - 250 mJ)

At the high energy, laser energy is absorbed in the liquid
to the target resulting material removal by reactive sput-
tering rather than direct laser ablation, as the intensity of
laser in the presence of ablated material in the water, as
this happen the amount of the light reaching to the target
goes to zero, plasma formation in the water creates a
cavitations bubble that expand and then collapse, driving
highly energetic species into target [46]. In this region
the average size of gold nanoparticles begins to increase
again as shown in Figures 4(a)-(c).

From the above figure, the average size of gold
nanoparticles prepared in pure water at 150, 200 and 250
mJ are 11, 12.8 and 14.4 nm respectively it is observed
that when laser energy exceed certain value (above 100
ml) the average size and concentration begin to increase
and the shape of prepared GNPs begins to take the sphe-
rical shape again after their shape was diffused when it
prepared at 100 mJ this can be explained as when the
GNPs reach their critical size, small fragments such as
gold atoms and small aggregates resulting from photo
fragmentation are dispersed in solution, therefore the
nanoparticles present in the solution grow by attracting
these small fragments. The fragmentation rate must in-
crease with increasing the laser energy because the in-
ternal energy of irradiated nanoparticles increases. On
the other hand, the aggregation rate increases with the
increase of the concentration of the small fragments, after
the laser is off, the fragmentation is terminated so that
only the aggregation proceeds until the gold atoms and
small fragments are consumed. The fragmentation rate of
each nanoparticle decreases because it’s absorption coef-
ficient per atom decreases with it’s diameter. In contrast
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Figures 3. (a)-(e) TEM micrographsand their histograms of gold nanoparticles prepared in 20, 30, 40, 50, 100 mJ respectively.

the aggregation rate increases because the concentration
of the small fragments increases, therefore, the minimum
diameter is realized when the rate of fragmentation is
equal to that of the aggregation [46]. From the above
discussion, the average size decreases as the energy in-
creases until it reach to the critical size then it begins to
increases again as shown in the Table 1 and Figure 5.
The absorbance spectrum is studied which give indica-
tion on the concentration and size distribution of the gold
nanoparticles prepared and this will ensure the results
obtained from TEM as shown in Figure 6.

From the Figure 6, as the laser energy increases, the
height of the Plasmon peak increases which indicate to
the increase in the concentration of nanoparticles, till the
nanoparticles reach it’s critical size and the absorption
coefficient of gold nanoparticles decreases and they

Copyright © 2012 SciRes.

couldn’t absorb any more as they couldn’t be fragment
again, red shift in the Plasmon peak ensure the decrease
in the average size of gold nanoparticles. As the laser
energy increases, the Plasmon peak becomes narrower
indicating that the particles have a homogenous distribu-
tion as the laser energy increases. The absorbance spec-
trum obtained at high laser energy is shown in Figure 7.

At high laser energy (150 - 250 mJ) as shown above,
the absorbance shows an increase in the Plasmon peak
with increasing the laser energy, indicating to the in-
crease in the concentration of gold nanoparticles as the
energy increase the peak becomes more narrow and there
is a blue shift in Plasmon peak as the energy increase as
the size of the gold nanoparticles increase. These results
are matching as obtained from TEM.

So, the operating above or below the threshold will
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Figures 4. (a)-(c) TEM micrographs and histogram of gold nanoparticles prepared in pure water at 150, 200 and 250 mJ re-
spectively.
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Figure 5. The relation between the energy and the average

size Figure 6. The absorbance spectrum of gold nanoparticles

prepared in purewater at (10 - 100 mJ).

therefore allows the experimenter to choose between a
low quality of small, narrowly distributed nanoparticles
and much larger quantity but with a wider size distribu-
tion.

532 nm is smaller than that prepared at 1064 nm.

The average size of GNPs prepared at 532 nm is 13.7
nm and 14.5 nm at 1064 mm. This can be contributed to
two factors: The value of the absorption coefficient of
bulk gold is higher at 532 nm, so the intensity of absorb-

3.2. Efffect of Wavelength ance peak of 532 nm higher than 1064 nm. The photon

Effect of laser wavelength was examined at 1064 nm,
532 nm, the gold nanoparticles was fabricated using two
laser beam at 1064 nm and 532 nm. From TEM as shown
in Figure 8 the particles distributions of 1064 are more
homogenous and the average size of GNPs prepared at

Copyright © 2012 SciRes.

energy of 532 nm is higher than that at 1064 nm, which
lead to the fragmentation of GNPs prepared at 532 nm, the
average size of GNPs prepared at 532 nm is smaller than
that prepared at 1064 nm. in terms of the amount of ab-
lated Au as determined by the area of surface Plasmon
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Table 1. The relation between energy and average size of
obtained gold nanoparticles.

Energy (mJ) Average size(nm)
20 14.3
30 13.2
40 12.9
50 12.3
100 8.08
150 11.12
200 12.8
250 14.4

no of particles
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w
it

N

no of particles
il

peak of the resulting gold nanoparticles [47]. Laser abla-
tion efficiency increased when the laser wavelength in-
creasing. It was found that, the optimum ablation laser
wavelength was 1064 nm as shown in Figure 9. From
the above figure, the intensity of surface Plasmon peak of
GNPs prepared at 1064 nm is higher than that prepared at
532 nm, which indicated that the amount of GNPs pre-
pared at 1064 nm higher than that prepared at 532 nm.
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3.3. Effect of Geometry of Focusing Conditions

In this section two parameters (focal length and the target
position) which affect on the shapes and size distribution
of obtained GNPs which prepared in pure water are
studied. The target position: there are three positions are
studied (above focus, at focus and below focus) for a lens
has 5 cm focal length. As shown in Figure 10, TEM for
gold nanoparticles were prepared above focusing

OPJ



H.IMAM ET AL. 79

0.45- ——green

0.40- A

0.35- [\

\
0.30- /
~__/
0.251
0.204
0.151
0.104

0.054

absorbance

400 500 600 700 800 900
wavelength (nm)

Figure 9. Shows the absorbance spectrum of gold nanopar -
ticlesprepared in deionised water at 1064 nm and 532 nm.
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Figure 10. The TEM micrograph and histogram of GNPs
prepared in purewater above focusing condition.

conditions.

From Figure 10, it’s shown that the average size of the
obtained particles is 8.6 nm, the yield is small and parti-
cles are diffused, this may be due to the low fluence and
water breakdown doesn’t take place [48], at this fluence
the target heated and due to the the strong confinement of
the liquid at the surface and the vaporization rate is
strongly restricted and no plume forms [49]. Figure 11
shows GNPs prepared at focusing condition.

As shown from the figure the average particle size is
8.9 nm, which is larger than gold nanoparticles prepared
at defocusing condition and the particles have a spherical

Copyright © 2012 SciRes.
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Figure 11. The TEM micrograph and histogram of GNPs
prepared in purewater at focusing condition.

shapes and are also agglomerated, this can be explained as,
when the ablation takes place at focus the plasma pressure,
temperature and density increase more than in the defo-
cusing condition. High temperature of plasma tempera-
ture excites, ionizes and dissociates the surrounding wa-
ter layer, the nucleation starts directly. The high plasma
density increases the molecular interaction and particles
growth so as a result the particles size increase as ob-
served. When laser is off plasma cooling and recombina-
tion take place, pressure and temperature will reduce but
particle growth continue until certain value above which
it’s growth stopped.

When the gold nanoparticles prepared below focusing
condition as shown in Figure 12, unexpected results ob-
tain as the average size of the obtained particles de-
creased to 7.2 nm.

In this case the laser irradiation onto the target, most of
the energy at the focal region is absorbed by the water,
the energy reaches to the target reduces [43], also the
liquid increasing the amount of screening of laser light
[46] so the energy reached to the target is low and the
same results obtained when lens of 10 cm focal length is
used as shown in Table 2.

Another parameter of the focusing conditions that af-
fect the shape and size distributions of the gold nanopar-
ticles is the lens effect. Since each lens produces a dif-
ferent energy density distribution in space. In each case
the sample has been placed at the focus. The minimum

OPJ



80

10
g/
[S]
£ 30
g
S 20
2

10

0

20
size (nm)

Figure 12. shows the TEM micrograph and histogram for
GNPs prepared in purewater below focusing condition.

Table 2. The average size and the particle distribution of
GNPs at different focal length and target positions.

Average size  Particle distribution

Target position (nm) (nm)
Above focusing 8 8-14
f=5cm
At focusing 9 15-23
Below focusing 7 9-45
Above focusing 8 8-15
f=10cm At focusing 10 10-19
Below focusing 8 6-16

Copyright © 2012 SciRes.

no of particles

(@

H.IMAM ET AL.

diameter of laser beam spot at the focus changes with
changing the lens. This in turns changes the laser fluence
and hence producing gold nanoparticles with different
shapes and sizes. Laser plasma is known to be highly
dependent on the laser power density at the surface [40].
Figures 13(a)-(c) show TEM and histogram of GNPs
prepared by using lenses with different focal length (5,
10, 20 cm), the average size of obtained GNPs are 8.9,
9.8, 17.8 nm respectively.

From the Figures 14, 15 and Table 3, the laser fluence
decrease as the focal length increase as a result the aver-
age size increase and the yield of obtained particles also
increase. At small focal length (f =5 cm), very small and
hot plasma produced due to high energy density (0.454
MW/m?) that is localized at the focal point and as a result
the average size of produced GNPs is small and have
spherical shape and the yield is large and this may be due
to the absorption of laser energy in liquid reaches to the
target resulting material removing by reactive sputtering
[45]. while GNPs prepared at focal length (f = 10 cm),
the laser fluence is lower (0.113708 MW/m?), so the par-
ticles obtained are enlarged and the distribution became
abroad because the laser pulses producing collides above
the sample, the next pulse is partially scattered by these
collides particles, so the energy scattered and only too
small portion of the energy reached to surface of the tar-
get. At focal length (f= 20 cm) the average size of GNPs
is larger than that obtained at focal length 5, 10 cm as the
laser fluence became smaller (0.028427 MW/m?) due to
the long (tail) along laser beam as the same collides ef-
fect and the energy of laser beam is scattered so very
small amount of energy is reached to the target resulting
in small yield, large average size and broadened distribu-
tion.

Figure 16 shows the absorbance spectrum of GNPs
prepared at focal length 5, 10, 20 cm, the height of peak
decrease with increasing the focal length and that con-
tributed to the small yield obtain as focal length increase
also there is a red shift in wavelength with increasing the
focal length and that contributed to the increase in the

10
size (nm)

2 14
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Figures 13. (a)-(c) TEM micrograph and histogram of GNPs prepared in purewater at focal length 5, 10, 20 cm.
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Figure 14. Show the dependence of the focal length on the average size and laser fluence respectively.

Table 3. Show relation between the focal length, laser fluence and the average size.
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Figure 15. Show the dependence of the focal length on the average size and laser fluence respectively.
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Figure 16. Absorbance spectrum of GNPs prepared at dif-
ferent focal length.

average size of GNPs as focal length increase. That
matches with the TEM results.

4. Conclusion

Gold nanoparticles (GNPs) were successively prepared
by laser ablation in water. The energy of laser beam af-
fected on the prepared nanoparticles as the energy in-
creases the size of nanoparticles decreases until they
reached their critical size below which the particle not
sensitive to the laser energy. As the energy increases
above this value the nanoparticles begin to agglomerate
again and the size increases. Also the wavelength affects
the size and yield of the obtained nanoparticles. Smaller
size distribution and yield was obtained at shorter wave-
length of 532 nm rather than 1064 nm. The focal length
and the position of the samples both have a notable affect
on the shape and size distribution of the gold nanoparti-
cles. The size distribution and shape can be controlled by
optimizing the laser parameter such as energy of laser
beam, wavelength or by optimizing the focusing condi-
tion of the laser beam.
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