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Nickel oxide nanoparticles were fabricated by a laser ablation technique using the third harmonic of an Nd:YAG laser and
sintered NiO targets in an on-axis configuration under argon pressures of 0.67, 1.33, and 2.00 Pa. The effects of the number
of irradiating laser pulses, gas pressure, and target-to-substrate (T-S) distance on the average particle size, size distribution,
and particle areal density were investigated. The nanoparticles obtained were always crystalline and 2 to 6 nm in diameter,
irrespective of the preparation conditions as determined by high-resolution transmission electron microscopic (HRTEM)
analysis. The average particle size increased with the number of laser pulses, indicating the particle growth on the substrate.
The particle areal density was strongly affected by the target-to-substrate distance. The formation process of the nanoparticles
is also discussed. 
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Introduction

Many efforts have been made in the research and
development of various types of NOx sensors but still
there is a strong demand for reliable and selective NOx

gas sensors for use in atmospheric and exhaust moni-
toring. Recently, new optical functionality has been
developed in CoO/SiO2 [1] and NiO/SiO2 [2] nano-
composites that change their optical transmittance by
exposure to ambient gases such as NO and CO. These
unique optical and/or chemical properties result from
the interfacial and/or surface effects between nano-
particles and the matrix. Therefore nanoparticles are a
key part to construct such nano-structured functional
materials. Among the preparation techniques employed
to date, pulsed-laser deposition (PLD) has proven
successful for depositing nanoparticles of variety of
materials such as semiconductors, glasses, metals and
alloys, ceramics and their nanocomposites. Some
advantages of PLD over other preparation methods
include congruent deposition, ease of operation and
control, and low source material consumption. There
now exists a considerable amount of literature describ-
ing ablation processes and parameters governing the
deposition. However, the formation of nanoparticles
during laser ablation is still not clearly understood.
Since the functionalities in these nanocomposites arise
from quantum size and surface/interfacial effects, it is

important to reveal the parameters that determine the
size and morphology of the nanoparticles so as to
control the mean diameter, size distribution and number
density of the resulting nanoparticles by adjusting
experimental parameters. In this report we focus on
finding the optimal ablation conditions for the
synthesis of NiO nanoparticles for their potential use
for gas sensing nanocomposites. 

 

Experimental

The third harmonic (355 nm) of a Nd:YAG laser was
utilized as an ablation source. The pulse energy was
200 mJ and the beam was focused to a 3.5 mm2 spot
size near the outer edges of the target. The repetition
rate of the laser was 10 Hz. The target material was a
NiO pellet (20 mm diameter × 5 mm thick) prepared by
the usual ceramics techniques. The target and substrate
were rotated at 20 and 9 rpm during the laser
irradiation, and the ablation duration was from 40 to
200 pulses. Substrates used were carbon coated mica,
which were placed parallel to the target, i.e. in an on-
axis configuration. The distance between the substrate
and the target was either 50 or 60 mm. Argon was
utilized as a background gas during ablation, and the
pressure was set to 0.67, 1.33, and 2.00 Pa. Two to four
copper grids were used to sample the deposited films
of approximately 1 cm × 1 cm, and 2 to 4 digital
images of the most representative portions of the film
were recorded for the analysis of the nanoparticles
obtained at each ablation condition. The morphology
and crystallinity of nanoparticles were examined by the
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HRTEM (JEOL, JEM2010) and XRD (Rigaku RAD-
C) using CuKα radiation. 

Results and Discussion

Irradiation duration and ambient gas pressure
All the NiO nanoparticles deposited were crystalline,

independent of the preparation conditions. Figure 1a
shows a HRTEM image of the particles obtained after
ablation with 80 laser pulses at 0.67 Pa and 200 mJ/
pulse. The electron diffraction pattern in the inset
clearly shows the diffraction rings. Lattice planes with
a spacing d = 1.97 Å, which corresponds to the NiO
(012) planes, can be seen on the enlarged image of the
particle marked by the window “A”. XRD peaks in
Figure 1b confirmed the NiO phase. The crystallite size
calculated from the X-ray spectra from the (012) peak
broadening was 3.8 nm which was in very good
agreement with TEM measurements of 3.7 nm. The
particle size distribution was usually of log-normal
type and a typical example is shown in Fig. 1c. The
particles were single crystalline at the lowest number
of 40 and 80 pulses, but some bicrystal particles were
also observed at around 120 pulses (Fig. 1d).

Ablation experiments, unless otherwise indicated,
were performed with the target-to-substrate distance set
to 50 mm. It was found that the average particle size
was almost the same at the same number of laser

pulses and gradually increased with the number of laser
pulses at 0.67, 1.33, and 2.00 Pa, as depicted in Fig. 2a.
This strongly suggests that the particle size is determin-
ed after landing of ejected species onto the substrate.
There is relatively little contribution from nanoparticle
growth in the ambient. 

It is worth mentioning that even though the structure
of the deposited particle-aggregated films might look
quite similar under the TEM it is speculated here that
the deposition at higher pressure leads to a more
porous and looser structure. Recently we tested NiO
based gas sensors and found that the sensitivity of the
sensors was the same at both 0.67 and 80.0 Pa but the
sensors fabricated at 80.0 Pa had a much faster
response to a change in the environment, i.e. they were
faster both in sensing the gas and in recovering [3].
This property indicates that the gas can penetrate the
sensors more easily in the film prepared at higher
pressure. The sensors, however, were fabricated using
much longer ablation times than the particles fabricated
in the present study. In ablation at 80.0 Pa the ejected
atoms experience substantial cooling via multiple
collisions and therefore the impact energy of the atoms/
clusters upon the substrate becomes lowered. In effect,
compactness of the nanoparticle aggregated film
deposited at 80.0 Pa was also lower than that of the
film deposited at 0.67 Pa. 

As seen in Fig. 2b, the areal density of particles

Fig. 1. (a) HRTEM image, (b) XRD pattern, and (c) the size distribution of the NiO nanoparticles synthesized with 80 pulses at 0.67 Pa Ar
pressure and 200 mJ pulse energy. (d) HRTEM image of a bicrystal NiO particle formed with 120 pulses at 0.67 Pa and 200 mJ/pulse.
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synthesized at 2.00 Pa increased almost linearly with
number of pulses whereas it exhibited a minimum at
120-160 pulses for particles synthesized at 0.67 and
1.33 Pa. A rapid decrease in the areal particle density
after ablation at 0.67 and 1.33 Pa might possibly be
due to continual growth of particles as bicrystals at
around 120 pulses. A big difference in particle number
density was observed for the higher pressure of 2.00
Pa, but only for the short ablation time. Since the
particle size at 2.00 Pa was almost the same as that at
0.67 Pa at a longer ablation time, the substantial
difference in the areal particle density at 80 pulses
could suggest that the higher ambient pressure might
affect the collision processes in the ambient leading to
an energy reduction of landing atoms/clusters on the
substrate due to deflection and/or larger cluster growth.

Target-to-substrate distance
The effect of target-to-substrate (T-S) distance on the

average particle size was investigated by a different set
of experiments. We found some discrepancies especially
in the areal number density of particles. This is
probably caused by the effective fluence change at the

target surface due to the optical setting difference of the
laser beam line. However, the trends in this series of
experiments revealed interesting results. Figure 3a
indicates that the shorter distance produced larger
nanoparticles at an ambient pressure of 0.67 Pa. Recent
research indicates that 0.67-2.00 Pa ambient pressure
used in the present experiment is too low to provide a
collision frequency sufficient for nanoparticle formation
in the PLD plume and suppress the energy after
landing [4]. Therefore nanoparticles would grow via
rapid surface diffusion [5]. If the particles formed in
the plume, the longer T-S distance would produce
larger particles due to a longer residing time and more
collisions, which directly contribute to the nanoparticle
growth [6]. Recent work on the synthesis of Fe2O3 by
PLD [7] concluded that an Ar pressure below 13.3 Pa
was too low to preserve good crystallinity of Fe2O3 at
an off-axis position between the target and substrate.
However, with an on-axis configuration in this case, at
relatively higher pressure like 80.0 Pa, nanoparticle
growth on the substrates might make a large contri-
bution. This is quite reasonable since an off-axis

Fig. 2. (a) Dependence of the average NiO nanoparticle size (the
bars show standard deviations) on the number of laser pulses at
various pressures for irradiation. (b) Dependence of nanoparticle
areal number density on the number of pulses at various pressures.

Fig. 3. Average particle size as a function of number of pulses for
two different target-to-substrate distances at 0.67 Pa (a). (b)
Nanoparticle areal density as a function of number of pulses for
two different target-to-substrate distances at 0.67 Pa.
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configuration requires trajectory deflection of species
to land on the substrate. 

Different T-S distances also resulted in interesting
behavior of particle areal density versus number of
laser pulses, as shown in Figure 3b. A shorter T-S
distance produced a monotonically decreasing number
density with increasing ablation time, whereas the
longer T-S distance resulted in its gradual increase. In
the shorter T-S distance case, particles have sufficient
energy even after landing, resulting in an areal density
decrease due to the coalescence of nanoparticles. On
the other hand, when the T-S distance becomes larger,
particles after landing do not have enough energy to
move around, leading to the increase in the areal
density. 

Summary

Nickel oxide nanoparticles were fabricated by laser-
ablating sintered NiO targets in an on-axis configu-
ration under argon pressures of 0.67, 1.33, and 2.00 Pa.
The nanoparticles obtained 2 to 6 nm in diameter were
always crystalline as determined by high-resolution
transmission electron microscopic (HRTEM) analysis.

The number of irradiating laser pulses, gas pressure,
and target-to-substrate (T-S) distance affected the average
particle size, size distribution, and particle areal density.
The average particle size increased with the number of
laser pulses, indicating particle growth on the substrate.
The particle areal density change with the number of
laser pulses was due to the difference in the contri-
bution of surface particle growth induced by the target-
to-substrate distance. 
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