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Abstract Picosecond laser generation of nanoparticles was

only recently reported. The effect of laser wavelength in

picosecond laser generation of nanoparticles is not yet fully

understood. This investigation reports the new findings

comparing the characteristics of Au, Ag, Ag–TiO2, TiO2,

ZnO and iron oxide nanoparticles generated by picosecond

laser ablation in deionised water at 532 and 1064 nm laser

wavelengths. The laser ablation was carried out at a fixed

pulse width of 10 ps, a repetition rate of 400 kHz and a

scan speed of 250 mm/s. The nanoparticles were charac-

terised by UV–Vis optical spectroscopy, transmission

electron microscopy (TEM) and X-ray diffraction (XRD).

The work shows that there is no noticeable difference in the

size of the metal oxide nanoparticles produced at 532 and

1064 nm, especially for the TiO2 and ZnO nanoparticles;

however, a considerable size difference can be seen for

metallic (e.g. Au) and metallic compound (e.g. Ag–TiO2)

nanoparticles at the two wavelengths. It demonstrates that

noble metals are more profoundly affected by laser wave-

lengths. The reasons behind these results are discussed. In

addition, the work shows that there are different crystalline

structures of the TiO2 nanoparticles at 1064 and 532 nm

wavelengths.

1 Introduction

Laser ablation in deionised water has been used widely to

produce metallic, bi-metallic and tri-metallic nanoparticles

as well as metal oxides [1]. An advantage of laser pro-

duction of nanoparticles is the high purity of the

nanoparticles produced, special surface charge character-

istics and easy preparation in comparison with chemical

methods. It was found that various laser parameters such as

laser power, energy density (fluence), beam spot size,

scanning speed and media under which ablation takes place

and wavelength [2, 3], may be used to manipulate the size

distribution and shape of the nanoparticles.

Nanosecond and picosecond lasers with different

wavelengths have been used to produce different types of

nanoparticles, although very few studies used picosecond

lasers. For example, Baladi and Mamoory [4] used a

nanosecond laser to produce Al nanoparticles at 1064 and

533 nm wavelengths in ethanol. It was shown that finer

spherical particles and a higher rate of production of the

nanoparticles can be produced at 1064 than at 533 nm. In

addition, it was shown that higher productivity and larger

nanoparticles were produced at higher laser energy. Mor-

tazavi et al. [5] produced smaller-sized palladium (Pd)

nanoparticles at a greater production rate with a nanosec-

ond laser in deionised water at 1064 nm (IR-Nd:YAG

laser) than at 193 nm (UV ArF Excimer laser). It was also

shown that the plasma temperature of the longer wave-

length was considerably higher than that of the shorter

wavelength because of the higher inverse Bremsstrahlung

reaction rate to heat the induced plasma. In addition, the

blue shift phenomena that occurred at the longer laser

wavelength is evident that the plasma produced at 1064 nm

is more energetic than that produced at 193 nm. Further-

more, Kim et al. [6] studied the effects of using a
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nanosecond laser of different laser wavelengths and laser

fluence on the production of palladium (Pd) nanoparticles

in distilled water. It was found that the Pd nanoparticles

produced at 532 and 355 nm wavelengths are more

homogenous and smaller in size than those produced at

1064 nm. It was concluded that increasing laser fluence

leads to an increase in the size of the nanoparticles at all

wavelengths. Chewchinda et al. [7] prepared the charac-

teristics of spherical Si nanoparticles with nanosecond laser

ablation in ethanol (10 ns and 10 Hz) at 532 and 1064 nm

laser wavelengths under the same energy density

(1.2 J/cm2). It was found that smaller nanoparticles and a

narrower size distribution of Si nanoparticles were pro-

duced at 532 nm than those at 1064 nm; the average sizes

were about 3 and 7 nm, respectively. In addition, a higher

concentration of nanoparticles was obtained at shorter laser

wavelengths. Imam et al. [2] found that smaller Au

nanoparticles and a higher rate of productivity were gen-

erated by nanosecond laser ablation in water at 532 nm

than those produced at 1064 nm wavelength. He et al. [8]

produced ZnO nanoparticles by nanosecond laser ablation

in a liquid medium at a wavelength of 355 nm.

Intartaglia et al. [9] produced Au–Ag nanoparticles by

picosecond laser ablation in a liquid environment from an

Ag target placed in a colloidal Au nanoparticles irradiated

at different laser wavelengths. It was shown that the

average size of the nanoparticles did not depend on the

laser wavelength; their average sizes were 5, 15 and 8.5 nm

at 355, 532 and 1064 nm laser wavelengths, respectively.

The picosecond laser operated at a laser pulse width of

60 ps and a repetition rate of 20 Hz with maximum pulse

energy of 115 mJ at 1064 nm, 55 mJ at 532 nm and 35 mJ

at 355 nm wavelengths. Giorgetti et al. [10] prepared

nanoparticles by picosecond laser ablation of metallic (Au

and Ag) and semiconductor (CdSe) target materials in

water at fundamental (1064 nm–25 ps), second-harmonic

(532 nm–20 ps) and third-harmonic (355 nm–15 ps) laser

wavelengths. Different sizes of Au nanoparticles were

produced: 5.2, 3.2 and 2.5 nm at 1064, 532 and 355 nm

wavelengths, respectively. Hamad et al. [11] produced Ag–

TiO2 compound nanoparticles by picosecond laser ablation

of an Ag/Ti alloy target in deionised water at a wavelength

of 1064 nm [11]. Silver nanoparticles have been produced

by a picosecond laser in a liquid environment at wave-

lengths of 1064 nm [12], 1030 and 515 nm [13]. Giorgetti

et al. [10] produced Ag nanoparticles at 1064 nm and post-

irradiated them at a wavelength of 532 nm, and Nouneh

et al. [14] used the 532-nm wavelength of a picosecond

laser to post-irradiate the Ag nanoparticles on an indium tin

oxide (ITO) substrate in an attempt to manipulate their size

and change their optical absorption properties. Schwenke

et al. [13] produced Ag nanoparticles in polyurethane-

doped tetrahydrofuran at 1030 and 515 nm wavelengths of

a picosecond laser (7 ps), and Menéndez-Manjón et al. [15]

produced Au, Ag and AuAg alloy nanoparticles using a

picosecond-pulsed laser (7 ps) at a wavelength of 515 nm

in liquid monomer. Liu et al. [16] produced FeO

nanoparticles by a picosecond laser in poly(vinylpyrroli-

done) (PVP) solution at a wavelength of 1064 nm. They

showed that the stability and particle size of the colloidal

nanoparticles can be controlled via the PVP concentration

because of the repulsive interaction and capping effects of

PVP solution.

Despite the previous studies on laser wavelength effects

in laser production of nanoparticles, the effect of laser

wavelength in picosecond laser production of nanoparticles

is not yet clear and the mechanisms involved are not clear.

In this work, picosecond laser wavelengths of 532 and

1064 nm were used to produce Au, Ag, Ag–TiO2, TiO2,

ZnO and iron oxide nanoparticles in deionised water. The

nanoparticles were then compared in terms of their sizes

and morphology.

2 Experimental materials and procedure

2.1 Materials

An Au target foil with dimensions of 65 mm 9

10 mm 9 0.2 mm with a purity of 99.99 %, an Ag target

plate with dimensions of 25 mm 9 25 mm 9 2 mm and a

purity of 99.99 %, a Ti/Ag alloy plate (3:1 at.%) with the

dimensions of 25 mm 9 25 mm 9 1 mm and Ag and Ti

alloy components with purity levels of 99.95 and 99.7 %,

respectively, a Ti target plate with the dimensions of

25 mm 9 25 mm 9 1 mm and a purity of 99.99? %, a Fe

target foil with the dimensions of 30 mm 9 30 mm 9

0.3 mmwith apurity of 99.95 %, and aZn target platewith the

dimensions of 25 mm 9 25 mm 9 2 mm with a purity of

99.99? %were used to generate the Au, Ag, Ag–TiO2, TiO2,

ZnO and iron oxide nanoparticles in deionised water.

2.2 Nanoparticle Production Procedure

In this work, Au, Ag, Ag–TiO2, TiO2, ZnO and iron oxide

nanoparticles were produced via a dual-wavelength

picosecond laser with wavelengths of 532 and 1064 nm (see

Fig. 1a), respectively, in distilled water. The liquid solution

was in the stationary condition. The target materials were

placed individually on a stainless steel holder in a 100-ml

Pyrex glass vessel which contained 15–20 ml of distilled

water. The water level above the targets was fixed at around

2 mm in all experiments. The experimental set-up is shown

in Fig. 1b. The ablation area was 5 mm 9 5 mm with a

galvo scanning computer program, but on the surface of the

samples it was approximately 3 mm 9 3 mm at the
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wavelength of 532 nm and 4.65 mm 9 4.65 mm at

1064 nm (see Fig. 2c). Further details of the laser beam

characteristics at both wavelengths are summarised in

Table 1. Galvo scanners (SCANLAB hurry SCAN 20) were

used to scan the laser beams over the target area in a raster

pattern at both wavelengths.

2.3 Material Characterisation and Sample

Preparation Procedure

The nanoparticles produced were characterised with a UV–

Vis spectrometer (Analytic Jena, SPECORD 250, dual

beam) in order to measure the absorption spectra of the

colloidal nanoparticles. A transmission electron micro-

scope (TEM) [Philips CM20 200 kV TEM (LaB6)] was

used to examine the morphology and size distribution of

the nanoparticles. X-ray diffraction (XRD) (BrukerD8-

Discover, step size [�2h] = 0.0200) was used to investigate

the crystalline structures of the nanoparticles. A copper

micro-grid mesh (200 mesh) was used to prepare samples

for the TEM analysis. The mesh was put on a glass slide on

a hot plate. After depositing a drop of colloidal nanopar-

ticles onto the mesh, the hot plate was turned on and the

temperature was raised to about 45 �C. Before drying the

drop completely, the mesh was wiped across the drop to

collect more nanoparticles and disperse the nanoparticles

uniformly, and then the drop was allowed to dry com-

pletely. This process was repeated twice to deposit a suf-

ficient amount of nanoparticles on the copper microgrid

mesh. The X-ray diffraction samples were prepared on

glass slides; first, the colloidal nanoparticles were cen-

trifuged for about 15 min using a microcentrifuge machine;

then, they were dropped onto a glass slide and allowed to

dry on a hot plate at about 40 �C. This process was repe-
ated several times to deposit a sufficient amount of

nanoparticles on the slide.

3 Results

3.1 Au Nanoparticles

Figure 2a shows the optical absorption spectra of Au

nanoparticles produced at 532 and 1064 nm in deionised

water. The surface plasmon resonance of the nanoparticles

was observed at 520 and 530 nm at the laser wavelengths

Ablation area 
at 532 nm 

Ablation area 
at 1064 nm 

Galvo scanner

Laser beam 

Deionised water

Pyrex glass beaker

Target material 

Picosecond laser 

1064 nm

532 nm 
Mirrors  

Mirrors 

Galvo scanner 

Nanoparticles 

Laser beam 

(a) 

(b) (c)

Fig. 1 Scheme of the picosecond laser with dual wavelength (a), experimental set-up for nanoparticle production (b) and ablation area on a

sample at 532 and 1064 nm wavelengths (c)
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of 532 and 1064 nm, respectively. For the Au nanoparticles

produced at the 532-nm laser wavelength, the intensity of

optical absorption spectrum of the Au nanoparticles was

reduced sharply, while at 1064 nm it increased and then

decreased slowly. Figure 2b shows the histogram of the

size distribution. It can be noted that the Au nanoparticles

produced at 532 nm are smaller in size than those produced

at 1064 nm, measuring 9 and 31 nm, respectively, despite

the fact that the laser fluence at 532 nm was much higher

than that at 1064 nm showing more dominating effect of

laser wavelength. Only about 4 % of the Au NPs (gener-

ated at 532 nm) are larger than 20 nm. As shown in

Fig. 2c, d, the Au nanoparticles generated at the shorter

wavelength are more uniformly dispersed than those gen-

erated at the longer wavelength. The longer wavelength

produced a chain of nanoparticles, with most of them

agglomerated together. Meanwhile, the nanoparticles pro-

duced at the shorter wavelength can be seen individually.

3.2 Ag–TiO2 Compound Nanoparticles

As shown in Fig. 3a, in general, the optical absorption

spectra of Ag–TiO2 compound nanoparticles produced by

picosecond laser ablation in deionised water at 532 and
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Fig. 2 Optical absorption spectra (a), histogram of the size distribution (b) and TEM images (c, d) of the Au nanoparticles produced by a

picosecond laser at 532 and 1064 nm wavelengths in deionised water

Table 1 Characteristics and process parameters of the picosecond

laser at both wavelengths (532 and 1064 nm)

Laser parameters Wavelengths

532 nm 1064 nm

Average power (P) 16.7 W 27.5 W

Frequency (f) 400 kHz 400 kHz

Laser pulse duration (s) 10 ps 10 ps

Beam diameter at the laser output window 3 mm 3 mm

Focal length 100 mm 163 mm

Spot size (D) 32.5 lm 106 lm

Scan speed (v) 250 mm/s 250 mm/s

Laser pulse energy (Epulse) 42 lJ 69 lJ

Laser fluence (Flaser) 5 J/cm2 0.8 J/cm2
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1064 nm were similar, but the nanoparticles produced at

the shorter wavelength had a slightly sharper plasmon peak

(at 400 nm) than that produced at the longer wavelength.

The surface plasmon resonance of the nanoparticles at 532

and 1064 nm started at 410 and 415 nm, respectively,

extending to about 500 nm in the visible range.

The histogram of the size distribution in Fig. 3b shows

that the 532-nm wavelength produced nanoparticles with a

smaller average size (14 nm) in comparison with those

produced at 1064 nm (21 nm). As shown in the TEM

images (Fig. 3c, d), spherical Ag–TiO2 nanoparticles were

produced at both wavelengths.

3.3 TiO2 Nanoparticles

Figure 4a shows the optical absorption spectra of TiO2

nanoparticles produced at 532 and 1064 nm in deionised

water. The difference between the optical absorption

spectra of the colloidal TiO2 nanoparticles generated at

both wavelengths can be seen in the UV range. For

nanoparticles produced at the 532-nm wavelength, the

spectrum intensity dropped sharply at the UV wavelength

earlier than those produced at 1064 nm wavelength. Both

spectra have the same characteristics in the visible range.

In spite of their different optical absorption spectra, the

histogram of the size distribution (Fig. 4b) shows that there

is a similarity between the size distributions of the TiO2

nanoparticles generated at both laser wavelengths, in that

the average size and size distribution are close to each

other. The average sizes of the nanoparticles produced at

the 532 and 1064 nm were 34 and 32 nm, respectively. The

TEM images (Fig. 4c, d) show that spherical TiO2

nanoparticles were produced at both wavelengths.

Figure 5 shows the XRD pattern of the TiO2 nanopar-

ticles produced at different wavelengths. The nanoparticles

produced at 532 nm wavelength are crystalline with mixed

anatase, rutile and brookite phases, but the nanoparticles

produced at 1064 nm wavelength are crystalline with
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Fig. 3 Optical absorption spectra (a), histogram of the size distribution (b) and TEM images (c, d) of the Ag–TiO2 nanoparticles produced by a

picosecond laser at 532 and 1064 nm wavelengths in deionised water
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mixed rutile and brookite. In general, the same peaks were

not observed in both samples; thus, the samples have not

the same crystalline phases. In other words, the change in

laser wavelengths has a noticeable effect on the phase of

the TiO2 nanoparticles.

The peak positions 2h = 37.5� and 63.3� are attributed

to the anatase TiO2 phases (004) and (204), respectively

[17, 18]. The peak positions 2h = 36�, 41�, 54� and 63.85�
are attributed to the rutile TiO2 phases (101), (111), (211)

and (310), respectively [17, 19]. In addition, the peaks at

2h = 32.5� are indicative of the brookite phase of the TiO2

nanoparticles [20, 21]. A strong rutile peak was observed

for the 532-nm laser wavelength at 27.5� [22]. In addition,

small peaks at 48� and 68.3� were observed at 532 nm

which indicate the anatase phase [23, 24], and the peaks at

56.25� and 70� represent the rutile phase [23, 25] of the

TiO2 nanoparticles.

3.4 Iron Oxide Nanoparticles

Figure 6a shows the optical absorption spectra of iron

oxide nanoparticles produced at 532 and 1064 nm in

deionised water. Both sets of nanoparticles have almost

exactly the same characteristics. The histogram of the size

distribution (see Fig. 6b) shows that smaller iron oxide

nanoparticles were produced at 1064 nm, measuring about

21 nm in average size in comparison with those produced

at 532 nm (about 28 nm in average size). It can be

observed that more than 50 % of the measured nanoparti-

cles measured under 20 nm. The TEM images (Fig. 6c, d)

show that spherical iron oxide nanoparticles were produced

at both wavelengths. The nanoparticles are magnetic.

Figure 7 shows the X-ray diffraction of the iron oxide

nanoparticles produced by picosecond laser in deionised

water with different wavelengths (532 and 1064 nm). The

nanoparticles are crystalline with mixed Fe, FeO and

Fe3O4. The peak positions of 2h = 18.28�, 30�, 35.42�,
43�, 53.4�, 56.92�, 62.5� and 73.95� are attributed to the

anatase Fe3O4 phases (111), (220), (311), (400), (422),

(511), (440) and (533), respectively [26, 27]. The peak

positions 2h = 61� (at the 532-nm wavelength) and 73.1�
are attributed to the FeO phases (220), and (311), respec-

tively [28, 29]. In addition, the peaks at 2h = 44.67�, 65�
and 82.33� are indicative of the Fe phases (110), (200) and
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Fig. 4 Optical absorption spectra (a), histogram of the size distribution (b) and TEM images (c, d) of the TiO2 nanoparticles produced by a

picosecond laser at 532 and 1064 nm wavelengths in deionised water
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(211), respectively [30]. The diffraction peaks at planes

(111), (220), (311), (400), (422), (511) and (440) are the

characteristic peaks of Fe3O4 crystals with a cubic spinel

structure and corresponded to a cubic unit cell [26, 31], or

the inverse-spinel structure (Fe3O4) [32].

3.5 ZnO Nanoparticles

ZnO nanoparticles were produced by the picosecond laser

at the two wavelengths noted above. It can be seen from

Fig. 8a that their optical absorption spectra are similar,
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picosecond laser at 532 and 1064 nm wavelengths in deionised water
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except in the range of 200–250 nm. The nanoparticles

produced at 532 nm initially exhibited higher absorbance,

which then decreased sharply. On the other hand, the

intensity of absorption spectrum produced at 1064 nm was

initially lower. The histogram of the size distribution in

Fig. 8b shows that there is no significant effect of the
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wavelengths on the size of the nanoparticles. The TEM

images (Fig. 8c, d) show that the ZnO nanoparticles have

irregular shapes, but the majority are pin-shaped.

Figure 9 shows the XRD of the ZnO nanoparticles

produced by picosecond laser in deionised water with

different wavelengths (532 and 1064 nm). A number of

Bragg reflections with 2h values of 31.76�, 34.4�, 36.25�,
47.55�, 56.59�, 62.85�, 66.37�, 67.94�, 69�, 72.56�, 76.95�
and 81.37� are observed corresponding to (100), (002),

(101), (102), (110), (103), (200), (112), (201), (004), (202)

and (104) planes, respectively, they showing a typical XRD

pattern of ZnO nanoparticles (ICPDS card No. 89.1397)

[33]. Almost all the peaks fully match the ZnO hexagonal

phase of JCPDF No. 36-1451 [34]. Very similar values

have also been reported by Arefi and Saeed [35], Dutta and

Bichitra [36] and Prabhu et al. [34]. A peak at 60� was

observed at both wavelengths; this might be due to the

glass substrate. Here, both spectra had exactly the same

characteristics, which indicates that the changing wave-

lengths have no effect on the crystalline structures of the

ZnO nanoparticles.

3.6 Ag nanoparticles

An unexpected finding of this work is the inability to

produce silver nanoparticles from a pure silver plate

material at the 532-nm wavelength. As shown in Fig. 10a,

when attempting the above experiment, the optical

absorption spectra of the Ag nanoparticles did not show

any peak. This indicates that no silver nanoparticles were

present in the solution. Even when the ablation process was

continued for about 30 min and carried out at different

repetition rates, Ag nanoparticles were not produced and

the colour of the solution (deionised water) did not change.

In contrast, the optical absorption spectra of the Ag

nanoparticles produced at 1064 nm wavelength showed a

strong surface plasmon resonance peak at a wavelength of

405 nm and the colour of the colloidal nanoparticles was

yellow. The average size of the Ag nanoparticles produced

at the 1064-nm wavelength was 29 nm (see Fig. 10b). As

shown in Fig. 10c, the TEM images of the Ag nanoparti-

cles produced at 1064 nm are semispherical in shape, but

some have pentagonal and hexagonal shapes.

4 Discussion

4.1 Effects of Wavelengths on the Size

of the Nanoparticles

Au, Ag, Ag–TiO2, TiO2, ZnO and iron oxide nanoparticles

were produced at both laser wavelengths 532 and 1064 nm,

with the exception of Ag nanoparticles that could not be

produced at the wavelength of 532 nm. The TEM images

and the size distribution histogram show that significantly

smaller Au and Ag–TiO2 nanoparticles were produced at

532 nm, although slightly smaller TiO2, ZnO and iron

oxide nanoparticles were produced at 1064 nm. As shown

in Table 2, there is no noticeable difference in the size of

the metal oxide nanoparticles produced at 532 and

1064 nm, especially for the TiO2 and ZnO nanoparticles;

however, a considerable size difference can be seen for the

Au and Ag–TiO2 nanoparticles. It can therefore be ascer-

tained that noble metals are more profoundly affected by

laser wavelengths, as almost all of the small Ag–TiO2

nanoparticles are Ag [37].

According to the photon energy equation E = hc/k, the
shorter the photon’s wavelengths, the higher its energy. At

a wavelength of 532 nm, green laser pulses have higher

photon energy (2.33 eV) that reaches the target material in
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comparison with the 1064-nm wavelength, while the IR

laser pulses of which have lower photon energy (1.16 eV)

reaching the target material. In general, the 532-nm

wavelength is more effective at producing smaller Au and

Ag nanoparticles than the 1064-nm wavelength. This is

because the fragmentation by 1064 nm photons only

affects the larger nanoparticles, which have a high

extinction coefficient in the near-infrared region. In con-

trast, the fragmentation produced at 532 nm leads to a

reduction in the size of the nanoparticles in the colloidal

solution because this wavelength (532 nm) is in the range

of the surface plasmon peak position of the Au and Ag

nanoparticles [3]. Au nanoparticles are particularly affected

by the 532-nm wavelength, because its surface plasmon

resonance is in the range of 532–530 nm, very close to the

532-nm wavelength. It is worth mentioning that the Ag

nanoparticles were produced with a Ti/Ag alloy material

target, but no Ag nanoparticles were produced with pure

Ag target material in deionised water at 532 nm wave-

length. Even when the laser parameters such as power and

frequency were changed, the Ag nanoparticles were not

generated when using pure Ag target plate. The reason
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Fig. 10 Optical absorption spectra (a), histogram of the size distribution (b) and TEM images (c) of the Ag nanoparticles produced by a

picosecond laser at 1064 nm wavelength in deionised water

Table 2 Average size of Au,

Ag–TiO2, Ag, TiO2, iron oxide

and ZnO nanoparticles

produced by picosecond laser at

532 nm and 1064 nm

Nanoparticles Average size at: As wavelength increased, the NP size is decreased or increased by

532 nm 1064 nm Decreased Increased

Au 9 nm 31 nm – 22 nm

Ag–TiO2 14 nm 21 nm – 7 nm

Ag – 29 nm – –

TiO2 34 nm 32 nm 2 nm –

Iron oxide 28 nm 21 nm 7 nm –

ZnO 30 nm 28 nm 2 nm –
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behind this is the changing physical properties of the Ag in

Ti/Ag alloy material, because the grindability of some Ti/

Ag alloy materials is superior to pure titanium, which leads

to a ‘‘decrease in the elongation caused by the precipitation

of small amounts of fine intermetallic compounds’’ [38].

The grindability may act as a driving force on the Ag

material, causing it to be released from the target material,

or the ablation of both Ag and Ti as an intermetallic

compound such as AgTi3, as it is a composition of the Ti/

Ag alloy sample target [11]. Here the Ag–TiO2 nanopar-

ticles are also smaller because they have strong wide peak

spectra, extending from 400 to 500 nm (see Fig. 3a).

Ag nanoparticles were not produced at the 532-nm

wavelength with the picosecond laser (10 ps). This may be a

result of the strong absorption of silver due to their surface

plasmon resonance, as Schwenke et al. [13] showed that the

productivity of silver nanoparticles at a 515-nm wavelength

of a picosecond laser decreases over the ablation process

time, while at 1030 nm the productivity is constant. Another

reason behind the failure to produce Ag nanoparticles at the

532-nmwavelengthmight be due to the saturable and reverse

saturable absorption in silver nanoparticles at 532 nm using

picosecond laser pulses; this phenomenon was observed by

Gurudas et al. [39] in Ag nanodots prepared using the pulsed

laser deposition method.

Au nanoparticles are more affected by the wavelengths

than the other types. A red shift can be seen in the optical

absorption spectra of the Au nanoparticles as the

nanoparticle production laser wavelength is increased from

532 to 1064 nm. This means that smaller Au nanoparticles

are produced at the shorter wavelength. In addition, the

shorter wavelength produced a narrower size distribution

with separate nanoparticles in comparison with those pro-

duced at the longer wavelength which formed particle

chains. In addition to the proximity of the 532-nm wave-

length to the surface plasmon resonance peak of Au

nanoparticles, another reason behind the smaller size of

these nanoparticles at this wavelength might be that the

shorter wavelength disperses over a smaller, thinner area

on the target, which leads to the ablation of a smaller

amount of materials; as a result, smaller nanoparticles are

generated in the solution. In contrast, the longer wave-

length disperses more widely in the target material, leading

to the ablation of more materials, which in turn generates

larger nanoparticles. Furthermore, the inter-particle sepa-

ration can be seen clearly among the Au nanoparticles

produced at 532 nm, whereas almost all of the Au

nanoparticles produced at 1064 nm are stuck together,

forming chains. Rong et al. [40, 41] showed that if the

inter-particle separations (D) are larger than the particle

diameter (D) (D[D), ‘‘the near-field interaction between

the particles is small and the resonance wavelength kres is
that of an individual particle’’, but if the inter-particle

separations are smaller than the particle diameter (D[D),

‘‘the plasmons in the individual particles couple and the

resonance wavelength kres red shifts with decreasing sep-

aration’’. They observed the red-shift phenomena while

increasing the intensity ratio (R = I580 nm/I530 nm). Here

red-shift phenomena of the Au nanoparticles’ optical

absorption spectra can be seen with the longer laser

wavelength because the nanoparticles produced at the

longer wavelength are joined together and there is no dis-

tance between them. Giorgetti et al. [10] attributed the

different wavelengths to the production of different sizes of

Au nanoparticles by picosecond laser ablation in water, as

well as the different ablation mechanisms, and suggested

that ‘‘at higher energy per pulse, and correspondingly

higher fluence, material extraction by multiphoton

absorption dominates over heating effects’’.

Haustrup and O’Connor [42] identified the existence of

a linear relationship between the size of the Au nanopar-

ticles and the size of the grain produced at both 343 and

515 nm wavelengths, whereas there is no relationship at

1030 nm wavelength ablation. This is due to the inter-band

absorption effects at the shorter wavelengths, which results

in faster electron–phonon coupling and higher electron

temperatures that process produces thermoelastic stresses

in the target material. On the other hand, no inter-band

absorption occurs at a wavelength of 1030 nm; thus, the

absorption occurs by intra-band absorption and the ablation

process takes place over longer timescales, resulting in the

removal of the grain boundaries prior to production of the

nanoparticles [42].

A problem with comparing the effect of different

wavelengths in producing nanoparticles in a liquid solution

is the different beam absorption characteristics of the

nanoparticles at different laser wavelengths. For example,

Ag nanoparticles are more efficient for self-absorption at

the 532-nm wavelength than at the 1064-nm wavelength

because of the surface plasmon bands that form at around

400 nm [3]. In addition, the absorption coefficient a is a

function of the wavelength.

Different laser wavelengths also have different respon-

ses to energy loss within the water above the target mate-

rials. As a result different size of the nanoparticles would

be produced, if the energy loss was not corrected. As

shown in Fig. 11, it can be seen that the water level has a

strong effect on the laser power at the 1064-nm wave-

length, while it has a negligible effect at the 532-nm

wavelength. For example, at a 2-mm water level, about 5.5

and 0.004 % of the laser power will be lost at 1064 and

532 nm wavelengths, respectively. This is because water

has a strong absorption coefficient at 1064 nm and a weak

absorption coefficient at 532 nm. The relationship between

laser power loss (expressed as a percentage) and water

level is linear for both wavelengths.
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The laser beam focal length will be increased in water.

As shown in Fig. 12a, the amount of increased focal length

is directly proportional to the water height. In water, the

focal length will be increased when it passes through a

liquid medium. This effect is increased during ablation

under water at ultra-short wavelengths such as picosecond

and femtosecond lasers due to refraction and self-focusing

inside the liquid medium [43, 44].

The focal length will increase according to the following

equation [44]:

Df ¼ l 1� 1

n

� �
ð1Þ

In the above equation Df is the amount by which the

focal length increases in water, l is the water level above

the target material, and n is the refractive index of the

liquid medium. This fraction of focal length must be

compensated while focusing the laser beam on the target

material in the water; in other words, the distance between

the lens and the target should be increased depending on

the height of the liquid above the sample. As shown in

Fig. 12a, the amount of increased focal length is directly

proportional to the water height. This effect is the same at

both 532 and 1064 nm because focal length does not

depend on the wavelength.

While focusing the laser beam on the target sample in

water, the distance between the scan head and the target

material should be increased (see Fig. 12b). For example, at

a water level of 2 mm above the sample, the focal distance

should be increased by about 0.5 mm and for 4 mm this

distance should be 1 mm. It is worth mentioning that the

focal length of the laser-focusing lens and the position of the

target material have a significant effect on the size distri-

bution and the shape of the nanoparticles produced [2].

Refractive index declines with the increase in wave-

length, so a smaller refractive index means higher laser

beam refraction in the media leads to change the ablation

area (or marking area) in comparison with the program

made marking area. This could explain why a smaller

scanned area was produced on the target surface in com-

parison with the CNC program made. Here, at 532 nm, the

laser produced smaller scan area than the 1064-nm wave-

length. Here, 1064 nm produced larger scan area than the

532-nm wavelength because the longer wavelength gives

smaller change in refractive index. Due to this reason

longer laser wavelength leads to considerably higher

ablation efficiency [45].

4.2 Effects of Wavelengths on the Crystallinity

of Metal Oxide Nanoparticles

XRD patterns show that the iron oxide nanoparticles are

crystalline with mixed Fe, FeO and Fe3O4. FeO may be
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produced according to Eqs. (2) and (3) [16]. The interac-

tion between the laser beam and the Fe target material

produces Fe clusters. Then they will interact with the liquid

solution leading to the production of Fe(OH)2 and hydro-

gen release. Due to the high temperature and high pressure

at the target–liquid interface, FeO would be produced [16].

FeðclustersÞ þ 2H2O ! Fe(OH)2 þ H2 ð2Þ
Fe(OH)2 �! high Temp: & PressureFeOþ H2O ð3Þ

Because Fe exists in a wide range of oxidation states,

redox reactions must be taken into account. The existence

of the different types iron oxides dependent upon to dif-

ferent redox reactions [46].

Fe(s) ! Fe2þ ! Fe3þ ð4Þ

As shown in Eq. (5), Fe3O4 can be produced by con-

trolled oxidation of Fe2? in solution:

3Fe2þ þ O2 þ 2OH� ! Fe3O4 þ 2Hþ ð5Þ

Zero-valent iron (Feo) can be obtained according to

Eq. (6) [47]:

Fe2þ þ 2e� ! Feo ð6Þ

During laser interaction with the Zn target material in

deionised water, ZnO nanoparticles could be produced

according to the following equations [48].

H2Oþ hm ! Hþ þ OH� ð7Þ
OH� þ hm ! O� þ H� ð8Þ
Znþ O ! ZnO ð9Þ

After laser interaction with the Ti target, Ti cluster or Ti

vapour will be produced; then, they interacted with water

to produce titanium (IV) hydroxide Ti(OH)4. Finally, TiO2

nanoparticles will be produced according to Eqs. (10) and

(11) [49].

TiðclusterÞ þ H2O ! Ti(OH)4 þ H2 " ð10Þ
Ti(OH)4 ! TiO2 þ H2O ð11Þ

XRD characterisation shows that the crystallinity of

titanium dioxide is strongly dependent upon the laser

wavelengths, as the formation of the titanium dioxide

phases (anatase, rutile and brookite) depends on tempera-

ture. Iron oxide nanoparticles are slightly dependent upon

the laser wavelength, but the wavelength has no effect on

crystalline ZnO nanoparticles. In other words, the oxide

materials with more crystalline phases are affected by laser

wavelength. XRD patterns show that the TiO2 nanoparti-

cles produced at a wavelength of 532 nm are more crys-

talline than those produced at 1064 nm. The wavelength of

532 nm can produce mixed anatase, rutile and brookite

phases of TiO2 nanoparticles, but the wavelength of

1064 nm can only produce rutile and brookite phases. A

strong rutile peak was observed at optical absorption

spectra of 532 nm at 27.5�. In addition, some small peaks

of the anatase and rutile phases were observed at the

532-nm wavelength. These small peaks were produced

when the sample was annealed at 500 and 800 �C for 2 h.

According to the last case, the 532-nm laser wavelength

may produce a higher temperature than the 1064 nm.

Crystalline phases are easily produced within materials that

have a low phase-transition temperature [50].

Phase transition of the TiO2 is not only affected by

wavelength, but also by the laser beam mode such as

pulsed or continuous wave (CW). Single-phase rutile TiO2

was obtained at 553–952 �C using a CW CO2 laser at

1064 nm wavelength, while the rutile changed to anatase

with increasing deposition temperature from 579 to 957 �C
using a Nd:YAG laser at 1064 nm [51].

The laser power and the type of target material are

important in order to control the uniformity of the iron

oxide phases. Furthermore, liquid environments have an

effect on the crystallinity of the iron oxide phases; for

example, in this work, crystalline maghemite (a-Fe2O3)

nanoparticles were not produced because of the use of

deionised water. Conversely, laser ablation of an iron oxide

target material in acetone and ethanol produces crystalline

maghemite (c-Fe2O3) nanoparticles [52]. The crystallinity

of the iron oxide nanoparticles increases with increasing

laser energy [53]. However, for better understanding, fur-

ther study of this topic is required.

5 Conclusions

This study has investigated the effects of two laser

wavelengths (532 and 1064 nm) of a picosecond laser on

the size and size distribution of the Au, Ag, Ag–TiO2,

TiO2, ZnO and iron oxide nanoparticles in deionised

water. The results show that slightly smaller metal oxide

nanoparticles (TiO2, ZnO and iron oxide) were produced

at the 1064-nm wavelength. In spite of higher laser flu-

ence at 532 nm than that at 1064 nm, significant reduction

of particle size was seen for the production of pure Au

and Ag–TiO2 nanoparticles at the 532-nm wavelength

showing more dominating effect of laser wavelength. Pure

Ag nanoparticles could not be produced at the 532-nm

laser wavelength of the picosecond laser, but Ag–TiO2

nanoparticles were produced by using a Ti/Ag alloy as a

target material. It was found that the water level above the

target material does not have a significant effect on the

loss of laser intensity at the 532-nm wavelength, but at

1064 nm wavelength the laser intensity was significantly

reduced. It was also found that the formation of crys-

talline TiO2 nanoparticles was strongly dependent upon

the wavelength.
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